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E3L WORKSHOP ON EASER TRACKING INSTRUNENTATION (7

cospomsored by COSPAR and JAG
Prague, Coechoslovakia, 1115 August 1975

A UWorkshop on Laser Satellie Runging Instrumentation™ was beld in liagonissi,
Gireeee, in May 19730 The suceess of this 1973 workshop et to o COSPAR resoli-
tion (M), to “accept the invitation of the Technicad University of Prague to arrange
another Laser Runging Workshop, to be held iy Prague in August 1973 ame-
diately prior Lo e TUGGIIAG General Assembly in Grenoble, and to be sponsored
by COSPAR in cooperation with 1AG.”

The IAG will mect the week of 18 August 1975 and the 1LGG meeting will stare
25 August. Therefore the Workshop will be held during the week of 1115 Auguse,
inclusive, ‘

Rapid progress in faser tweehniques suggests that afthough present accuracy levels
are quite mspressive, they can be substantially improved. Indeed, we anticipate thut
satellite range mewsurements with aceuracies to 2 em will soon be avatuble, therehy
opening new opporlunitics in both scientific and applied research, As just one
example, it scems clear that, within a few years, we shall be able two measure glabal
phtte tectonic and other crustal motions to an accuracy of b emiyear, Because of

these new capabilitios, o widespread interest has developed in the. practical guestions -

that arise in designing. building and operating laser systems.

Fhe planned launclios of two satelfites designed expressly for high accuracy laser
trachimg lends @ tmcliness o the Prague Workshop, These are the French Starfette
to be placed i orbatin the fourth quarter of 1974, and the ULS. Lageos to be bunched
in carly 1970,

A enitical review of the accumadated expertence in working with laser systems,
particulurty the problems encounicred, and both successtul and unsuceessiul methods
for dealing with these problenis, will be the best foundation for the workshop, To
encotrage ree and open discussion of such tapics, the worxshop will be conducted
on an informal buss, with no formal presentations. This format reguires more
rather than less proparation and, further, will succeed anly i the participants take
active part in the discissions.

Attendanve will be by invittion only, Suggestions for invitees are requested, bug
should be Timited 1o those who have been involved in the actual design or operation
of satellite ser sy stems or are seriously contemplating such activitics.

The procecdings of the workshop will be published.

y First Cecalar,
) Recohiniom aswd Reconnmendations adopted by the NVIHE Plenasy Mucting of COSPAR,
S0 Paalo, | uiy 1974
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LASER STATIONS CNES/CRGS
Jean Ch, Gaignebet

1rst Generation

This station was developped around an old military cine-

theodelite with only optical tracking POssibilities,

The main characteristies are;

Mount Alt-Az with a seat for the tracker, Hydrolic mouve~
ments via g joysteck.
Maximum speed 20%/g

Laser Ruby, 1 joule, 30 ns FwHA pulse, 1 Hz repetition
rate. Beam divergence 2 x 10”3 rad. /Half energy/

Laser optics

3 afocal systems with focal ratios of 2, 3, 5 and 7
Receiver Optics

Schmitt Cassegrain telescope S
36 . cm. aperture £/10 with QOi&'piétééumifféfs
20 A Band pass filter 40% transmission

Detection 56 Typ type of PMT with a S 20 photocatode
/QE 2% at 0,7 microns/
Gain 108

Tracking 5cope Refractor Wwith an aperture ©of 20 em f/g
3° fielq

Electronics

10 ns resalution Counter, Stup input gated.
Quartz crystal 1079 stability. VLF reference and
reset by a portable clock

An accuracy of 1 25 48 Over periods of more than

6 months is reached,

The resolution of the datation System is 100 us
Data acquisition




Irst

Mount automatic Alt-Az mount open loop encoding

Geoneration modified

Resolution 13" of arc
Accuracy 20" of arc
Speed 40%/5 maximum
The mount is computer driven.with an option of javstiok
or punch tapoe.
Laser The Laser has been modified by use of a dye cell to
have a pulse width of 12 ns FWHA
Detection the 56:TUP PMT is used only for day tracking
and an RCA 3103A A is uﬁed by night connected with a
40 db Amplifier and a 3 A 30% filter

Tracking scope

We replaced the edge piece by a TV Camera /Nocticon
Thomsoa tube/ coupled with a monitor-.
”A 12 to 13 magnltade is seen in a nonintegrating
mode. Field 1°

Electronics

1l ns resolution counter. Stop channel is controlled by
an automatic gate
Epoch firing time of the Laser is controlled by an ear-
ly/late adjustment to correct far long track errors
/1 us to 10 g/
Computer A-WANG 2200 is used to compute in real time the
- coordinates of the satellite /Keplerian mouvement/
Alt, Az, range time and the corresponding speeds and
accelerations are computed from previously entered
sets of orbital elements
Performances 75 cm RMS

Future plans call for the 1nstallatlon of a pulse dlgz—

o tizer and. recording -the data on- magnetlc tape




gnd

Mount Alt Az automatic mount closed loop oncod ing

Goenoration

resolution 1,2" of arc
Accuracy 5 u 10"5 rad
Spead 60/5 maximum
The mount is computer driven with an option of jovstick
Laser Ruby Single mode diffraction limited Laser with
the following performances
2 J per ns pulse width
4 J, 2 ns to 20 J, 10.ns
repetition rate 0.25 Hz
0,75 J per ns pulse width
1,5, 2 ns to 7,5 J, 10 ns
repetition rate 0,5 Hz
The Laser can be mode locked with a train of 7 pulses
of 0,8 ng USRS
Laser optics Variable afocal system with a focal ratios
from 1 to 10
Receiver optics 1 m Cassegrain telescope Al plated
Detection RTC P 1210 PMT for daylight tracking
RCA 31034 A by night. A filter of 3 é is used in conne-

wion.
All the detection is conceived in a modulated way and
with two channels possibilities

Tracking scope

18 ¢m refractor associated with a TV camera /Woctlcon
Thomson CSf tube/
Field 1° 12 magnitude possibilities on a non integra-
ting mode.

Electronics 100 ps resolution counter. Stop channel gated

Comgutez

Telemecanlque e : 1'606' 'COﬁPIUt‘é'f"Wdrk‘ihg' iR Lwopaqq way o

Tektronlx 7903 scope/

@




2% om without digitizer

5 -~ 7 cm with digitizer

Lunar Rang}gg
' Only the mount and telescope are now studied and ordered,
Mount Al-Az automatic mount open loop encoding
kesolution 0, 3" of are
Accuracy 3 of arc,

Receiving telescope 1, n Cassegrain telescope /6

I3




LASER SYSTEM

M. R. Pearlman, C. G. Lehr, M. W. Lanham, and J. Wohn

1. INTRODUCTION

Four Smithsonjan Astrophysical Observatory (SAO) satellite ranging
systems, originally designed for the particular requirements and needs
of the Observatory's program in satellite geodesy, have been in con-
tinuous operation for more than four years: these systems are located
in Natal, Brazii, Arequipa, Peru; Olifantsfontein, South Africa; and
Mt. Hopkins, Arizona. During this period, they have provided routine
tracking data at a meter accuracy level in support of several geodetic
programs. The systems are now being upgraded to meet new requirements
in geophysics.

The major thrust of the present activity is to improve the accuracy

~and performance of the réhging systems to support the tracking require-

ments for Geos 3 and Seasat and also for earth-dynamics projects based

on satellites such as Starlette, Under the current upgrading program,

the SAD Taser systems are being equipped with pulse choppers to reduce the

laser pulse width and with electronic pulse processors to improve range

measurement accuracy. MWe anticipate that the ranging-system

hardvare will have decimeter accuracy when the upgrading is completed

in early 1976.

2. HARDWARE

The laser ranging system shown in Figure 1 has a static-point-
ing mount (or bedestal) that is aimed by means of computed predictions of
satellite azimuth and altitude. This method of steering permits the system
to operate during the day as well as at night. A static-pointing mount was
selected because it is economical and operationally simple and can be majn.




2.1 Laser Transmitter

The laser, a ruby system built in an oscillator-amplifier configuration,
generates an output of 5 to 7 joules in a 25-nsec pulse (half-power, full
width). The system uses a Pockels cell and a Brewster stack for a G-switch
and operates at 8 pulses per minute (ppm). Both the 0.95-cm (3/8-1inch)
diameter oscillator ruby rod and the 1.59-cm (5/8-inch) diameter amplifier ruby
rod are mounted in 15.24-cm (6-inch) double elliptical cavities, each con-
taining two linear flashlamps. The optical cavity of the oscillator is
formed by a flat rear mirror, with a reflectivity of 99.9%, and the uncoated
front of the oscillator rod.

The sscillator output of 1 to 2 joules is coupled into the amplifier
through a small beam-expanding telescope. The amplifier has a single~pass
gain of about 5. Both ends of the amplifier rod are antireflective-coated.
The amplifier output is expanded to fill the 12.7-cm {5-inch) objective
lens of a Galilean telescope: The diameter of the output beam divergence
can be adjusted from 0.5 to 5.0 mrad. Mounted at the output of the laser,
photodiodes pick up atmospherically scattered 1ight from the outgoing pulse
and send ar electrical start signal to the ranging system electronics.
Additional details on these lasers are given elsewhere

To meet upcoming requirements, the SAD lasers are being equipped with
a pulse chopper to improve ranging accuracy. The first unit
is now being installed at Mt. Hopkins. The chopper has been designed to

fit between the present laser oscillator and amplifier sections thus mini-
mizing installation impact in the field. It is basically a spark-gap-

activated Pockels cell with appropriate polarizers providing the necessary
transmission and isolation. The pulse width will be adjustable, but the
laser 'is expected to produce 0.5 joules at a pulse width of 6 to 7 nsec.

2.2 Ranging-System Electronics

The ranging-system electronics consists of a clock, a firing control,
a range-gate control, a processing system for the start and stop (return)
pulses, a time-interval unit, and a data-handling system (intercoupler)
.(5gewfjguf; ). The Gl@ﬁk“*ﬁyCﬁrﬁﬂ%zedeé“W€fhiﬁ'+1'usec“nf'the'étatioh o

””’cantfﬂiiéa by the Taser control unit; the latter can be shifted ménua)]y

by multiples of 0.001 sec, with a maximum of +3 sec, to account for the
early or late arrival of a satellite at a predicted point in its orbit.



The ranye-gate control unit provides a delayed pulse of adjustable width
to gate the counter and the pulse-processing system. This range gate pro-
tects against triggering by sky background or electronic noise. The time-

- interval wnit, which has a resolution of 0.1 nsec, is triggered on and off
by outputs from the pulse-processing system.

Range measurement errors introduced by normal fixed-threshold detection
techniques have been combatted by adding pulse-processing electronics. Witn
fixed-threshold detection, irregularities in return pulse size and shape
and changes in laser output energy and pulse width can introduce both random
and systematic range errors comparable in size to the laser output pulse
width. For range timing reference, the processor has

been designed to make use of the transmitted- and return-pulse centers,
as these are more stable than fixed-threshold points and can be extracted
in a straight forward manner.

The pulse processor is divided into two sections, the start and stop

- channels (see Figure 2). A threshold-activated pulse of constant $ize and
shape furnished by the start channel starts the time-interval unit and
supplies DC signal levels that measure the transmitted pulse width {at the
preset threhold level) and area (energy). The pulse information is later
used to extrapolate the range measurement to the center of the start pulse.
The stop channel digitizes the return-pulse waveform, providing a pulse of
fixed size and shape that stops the time-interval unit. This stop pulse
is synchronized to a fixed time reference point on the waveform.

During data preprocessing, the waveform information is used to deter-
mine the offset of the return-pulse centroid from the fixed time reference
on the waveform. The start correction is calculated by using the trans-
mitted pulse information and algorithms developed during electronic calib-
ration. The time-interval unit reading CT’ the return-pulse centroid offset
CS, and the start correction C0 are added to give‘the_raw range megsurement.

o The.start... el is based. o comnercially available dual discriiminators .
p | . The pulse data are digitized and
We found thég the Eért1cu1ar dis-
criminators used in this system were not very sensitive to pulse widths less

than 5 nsec, so we included a "?u1se stretcher™ in the circuit to eperate the



components in more favorable regions. In the pulse stretcher, the incoming
pulse is split, one component is delayed by a few nanoseconds, and the compo-
nents are then summed back together again. We have been able, by means of
this device, to extend the system sensitivity to a few nanoseconds.

The stop channel is centered around a commercially available waveform
digitizer, which provides a visual and BCD display of the return pulse.
The digitizer has 20 sampling channels with spacing adjustable in steps
from 1 to 25 nsec. The digitizer is activated by the output of a dual
discriminator, which is threshold triggered. The stop pulse to the time-
interval unit is provided by the time base of the digitizer; in our system,
we use the gate for the 11th channel as a reference.

2.3 Mount

The azimuth-altitude static-pointing mount has a pointing accuracy
of better than + 30". The system is driven by stepping motors in an
o?en-]oop mode. The stepping-motor drive-system gears allow for slewing
speeds OfZOSEC-landp{)ST o ngmcrements ofOO{)OlPredtctwns , G
cluding pointing angles and range-gate settings, are entered in the system
on a point-by-point real-time basis.

2.4 Photoreceiver

The receiving telescope is a 50.8-cm (20-inch) Cassegrain system with
additional optics designed to focus an image of the primary mirror on the
photocathode of the photomultiplier tube ( RCA 7265). The optics foii%yina the
flat secondary mirror passes the collimated return signal through a 7 A
filter that ésrboth tilt- and temperature-dependent., Effects of age and
temperature are compensated for by means of a micrometer tilt adjustment
that tunes the filter. Adjustable field stops and a provision to insert
combinations of neutral-density filters are available.

2.5 Minicomputer

The SAO laser stations have been equipped with minicomputers for
ogenerating pointing predictions from orbital elements and preprocessing. .
.calibration and satellite ranging data. The system is now operated in . ..
“a "stand-aTone" nods which 15 independent of the laser hardware, The .

system during the next year.
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3. CALIBRATION AMD SYSTEM STABILITY

3.1 Start-Chaune] Calibration

The calibration of the start channel is developed from the dependence
of the system delay on output-pulse characteristics which are derived from
the start-channel parameters. Calibration is performed electronically by
entering pulses of varying widths into both the start and the stop chaaneis
and then varying the pulse amplitudes at the start-channel input. 1In each
run, pulse widths and amplitudes are varied about the normal laser operat-
ing conditions.

Typical examples of calibration runs using width alone as the
independent variable for both the wide (25-nsec) and the narrow (6-nsec)
regions appear linear, with a standard deviation of a few tenths of a nanosecond.
Both hovever, have structures that can be attributed to the variations
in pulse amplitudes used during calibration.

 Regression analyses using two independent variables-pulse height.and ..
amplitude (pulse area divided by pulse width)-yield improvements by as much
as a factor of 2 to the fit for the narrow-pulse case. Some examples are
shewn in Table 1, where B and C are the coefficients of the independent
variables, width and amplitude, respectively. The standard deviations have
been reduced to 0.2 nsec or Yess, and variations in the coefficients are
typically 10%. The slopes B and C of the curves are ultimately the critical
parameters. The constant A is included in an overall constant term for the
system delay, determined on a pass-by-pass basis through target calibration.
Typical variations in pulse width (in digitized units) are of the order of
10, and those in amplitude of the order of 0.05. The calibrations show

the system to be relatively stable, with small daily changes in slopes con-
tributing uncertainties of about 0.1 nsec or less in each component. The
two-parameter fit also provides some improvement in the wide-pulse case;
however, 1t has not been implemented operationally, because other error
sources dominate in this mode (see Section 4).

sed extensively in

mately half the pulses fired by the SAD lasers are in support of calibration.



Detailed target calibrations over the full dynamic range of the system
{one to several thousand photoelectrons) have shown that the system calibra-
tion is dependent on return-signal strength, A typical example based on
2000 Taser measurements is presented in Figure 3. Runs consistently show
an increase of a few nanoseconds in the calibration constant at high signal
Tevels. In fixed-threshold detection systems, the signal-strength dependence,
which is the result of leading-edge "walk," could amount to range deviations
as large as the 25-nsec pulse width.

The dependence at high signal strengths appears to be from saturation
effects within the photomulitiplier. The structure at low signal strengths,
if real, may be caused by the triggering circuits within the stop channel.

Once system stability has been verified, extended target calibra-
tions are taken weekly. For data processing, SAQ is currently using a
piecewise linear model for system calibration. The model, based on the
data in Figure 3, assumes a constant system delay for signal strengths up
to about 400 photcelectrons and then a straight-line fit to the data above
that value, More detailed analysis on the calibration data is underway.

3.3 P%épaés and Postpass Target Calibrations

In addition to the signal-strength dependence, changes in system con-
figuration from time to time will shift the system calibration curve up
and down. A change in cables, components, subsystems, and even subsystem
calibration can have a very dramatic effect on overall system calibration.

In satellite ranging operations, target calibrations of 25 pulses each
are performed before and after each satellite pass. These precalibrations
and postcalibrations, which are performed at a prescribed referenca signal
strength {about 100 photoelectrons), are submitted to processing along with
the satellite range data. The system-calibration relation (determined by
the extended target-calibration analysis) is normalized on a pass-by-~pass
basis from the mean value of the two calibration runs. The difference in

the values of the precalibrations and postcalibrations is used to estimate
an upper bound on the short-term system stability during a satellite pass;
this difference is stored with the data for reference during analysis..




These data reflect moasuresent errors due Lo thoe 2h-nsec pulse width and

Lo the Lindte nueber of dala points in each calibration measurement.  The
sassociated with individual pre- and post-target calibrations is

typically of the same size. Hence, the precalibration and postcalibration
differences are avere<timations of system stability. With a narrower pulse,
Wi expect to obtain better estimates of system stability.

4.0 SYSTEM PERFORMANCE

System performance has been examined through analysis of extended tar-
get calibration and satellite ranging data. Although the upgrading is at
an interim stage because the pulse chapper has not yet been implemented. some
system improvements have already had a very positive effect on the range
data,

Ranging errors are introduced by the system from three
sources: the faser transmitter, the detection system, and calibration.
- e will restrict this discussion to the ranging system hardware alone and
leave other areas such as refraction, timing, and spacecraft retroreflector
array characteristics for discussion elsewhere.

4.1 Laser Transmitter

In its present wide pulse operating mode, the Taser transmitter may
introduce range errors due to wavefront distortion. Experiments conducted
at Mt. Hopkins showed that the wavefront had a structure amounting to several
nanoseconds across the laser beam, and that the structure was impossible to
forecast or model effectively through calibration techniques.

The wavefront effect results from the large number of transverse modes
that are excited when the laser is pumped well above threshold. There are
two manifestations of the moding. The first is a variation in infénsity
over the cross section of the laser beam. The second is a local variation
in the emission time of the laser pulse. Both these effects can vary
with time and operating conditions.

4.2 Detection System o .
‘_;__;nghe;bque;éﬁbéesssng;sysfemiﬁagan%ééay;aénﬁhéirgtéd.tﬁat Pt signirs
tly- reduces i




Taryet Laiahrattons taken s;muftunpous1y with the new pu1se pro-

cessing system and the original fixed threshold systern. show

that bias errors can be reduced Ly an order of magnitude with pulse pro-
cessing techniques. '

The fixed threshold system shows excursions due to leading edge walk of
3 m (21 nsec) or more over the operating range of signal strengths.

The pulse processing system, on the other hand, was able to operate at
decimeter accuracies over most of this region.

&

Target calibrations have also been used to measure system noise without
the influence of satellite geometry. The results for the pulse processing
system shown in Figure 8, are typical. The ranging error per observation
goes from 10 nsec at the single-electron level to a value of about 1 nsec

? at 1000 electrons. For a single electron, the error is consistent with
the standard deviation of a 25-nsec pulse. At the high signal level, however,
the error is probably due in part to jitter and quantization in the photo~
receiver, and to the finite sampiing interval used in the pulse detection = -
system. For the wide pulse width operation the sampling channels in the
waveform digitizer are 10 nsec apart. v -

The improvement in system noise can also be seen from satellite range
data taken simultaneously with the threshold and pulse processing systems.
In these tests, data were taken with each technique and processed separately,
Short arc fits were made thréugh each set of data and range residuals were
computed. Some results are shown in Figure 4. In general, noise levels
are improved by a factor of two to three with pulse processing.

4.3 Calibration

Ranging errors are introduced into the- data through uncertainties in
the system calibration characteristics and through calibration normalization.

The extended target ranging data that are used to develop the systen

calibration characteristic show system delay variations over much of the
range in 51gna? ,trength (see Féqure'B) It is not clear if a?] thiS

b

Te phys1ch In recogn1t1on of var1at1ons in the data, however we

P y.
ascribe an uncertainty to the calibration characteristic of 1.0 nsec,



Calibration normaiization is developed on a pass-by-pass basis through
pre- and post-target calibrations (see Section 3.3). The errcor introduced by
this procedure is constant per pass and can be estimated by the observed o = 1.0
nsec for the pre- and post calibration differences. This value also includes any

system drift that occurs during the measurement period.

Some ranging uncertainties are also introduced by the calibration of
the start channel. However, these are only about 0.2 - 0.4 nsec {see Section
3.1).

4.4 System Accuracy

Each of the major sources of error, the wavefront distortion, photoreceiver and
detection system, calibration characteristics, and calibration normalization, intro-
duces a range error of about 1 nsec at high signal strengths. At Tower signal

levels, the larger errors due to photon quantization introduced by the photoreceiver
and the detection system are random, and averaging'over a satellite pass shouid
vedice their influence to the 1-nsec error found at high signal strengths.  Since
these are uncorrelated the total system accuracy is about 2 nsec. The implementation
of the pulse chopper is expected to reduce uncertainties in all four areas. The
chopper will regulate the final emission times for all the laser modes and

should therefore, alleviate most of, if not all, the wavefront problem, The

duction in pulse width will dearéase the random range error due to photoquantizations
particularly at low and intermediate signal strengths. It will also permit

finer sampling channel spacing to be used with the waveform digitizer, which

should improve system noise in the high signal strength region. For similar

reasuns, the narrow pulse operation should reduce the error in calibration

normalization and should give better definition of the calibration characteristic

&

from detailed target ranging.




Table 1. Start calibration {narrow-pulse reqion).

Single-Parameter Fit Two-Parameter Fit
A B g A B, C &
Date (width) (nsec}) {width) (amplitude} (nsec)
4/16/75 23.35  0.106 0.325 22.04 0.089 2.02 0.164
4/17/75 23.25 0.107 .0.323 22.00  0.09 1.93 0.172
4/21/75 22.79  0.116  0.315 21.54  0.092 . 2.07 0.197
. 4/22/75 23.33 0.103 0.375 21.65 0.084 2.49 0.205
4/23/75 23.33  0.101  0.367 £1.70  0.087 2.35 0.193
4/24/75 22.81 0.115 0.326 21.60  0.096 2.02 0.190
4/25/75 23.11 0.107 0.374 21.54  0.088 2.42 0.198
W30/75 23598 0100 .34 ied 0:683“"‘”"2:46" e
5/01/76 23.62 0.099 0.367 22.18  0.082 2.20 0.205
5/05/75 22.%2  0.114  0.339 21.79 0.091 2.07 0.214
5/06/75 22.97 0.117 0.314 21.83  0.094 2.07 0.172
5/08/75 22.89  0.117 0.336 21.69  0.097 2.00 0.205
5/12/75 23.28 0.113 0.294 22.18  0.0%0 1.98 0.172
5/15/75 23.00 0.116 0.322 21.91  0.096 1.89 0.194
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Figure 3. Detailed system calibration at Mt. Hopkins, April 18, 1975. Error bars denote the standard umﬁmﬁms :

of all the data in the signal-strength interval. A log signal strength of about 3.0 is equivalent: 8

1 photoelectron.
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BATLLLITE LASER RANGING WORK AT THE GODDARD SPACE PLIGHT CENTER

Thomas E. MceGunigal, Walter J. Carrion, Louis O, Caudill, Churles R. Grant,
Thomes 3. Johnson, Don A. Premo, Puaul 1., Spadin and George C. Winslon
NASA/Goddard Space #lipht Conter

INTRODLCTION

The feasibility of using pulsed lasers o range to
aritficial carth satellites was {irst demonstrated by
the Goddard Space Flight Center in 1964 when laser
returns from the BRACON Explorer Satellite were
observed. b since that time, nearly a duzen retrore-
flector equipped satellites have been launched and
tracked with ever increasing precision, 'The system
accuracy has improved from the soveral meter level
of the first systems Lo betler than 10 ¢m in regular
satellite tracking operations, The ranging data hag
been used for precise satellite orbit determination, 2
for determining polar motion, 3 earth tidal param-
eters,4 for medsuring with great precision the dig-
tance between laser sitesd and for calibration of space-
borne radar altimeters. 8 The purpose of this paper
is to describe the systems presently being operated
by the Goddard Spuce Flight Center, their range and
accuracy capabilities, and planned improvements for

future systems. In short, GSFC is currently operat- ... .

- ing one fixed and two mobile laser ranging systems,
They have demonstrated better than 10 em aceuracy
both on a carefully surveyed ground range and in reg-
ular satellite ranging cperations, They are capable
of ranging to ail currently launched retroreflector
equipped satellites with the exception of Timation I11.
A third mobile system is currently nearing completion
which will be accurate to better than Scem and will be
capable of ranging to distunt satellites such as Tima-
tion [ and the soon to be launched LAGEQS,

SYSTEM DESCRIPTION

Very simply stated, a pulsed laser ranging sys-
tem determines the range to a turget by measuving
the time of flight of a short pulse of intense lght to
the target and back, ‘The time of flipht 15 then mulii-
plied by the velocity of light to give the range to the
target. ‘lhe block diagrum of the systems currently
in use by the Goddard Space Flight Ceater is shown
in Figure . A precisjon timing system produces a
pulse once each second which Inilates the living of
the laser transmitter, A small sample of the trang-
mitted energy is detected by a plutodiode,  The out-

- put pulse from the phamtiiu_de_iﬁ_ dsed to tripger wofixed
Cthireshold dlseriminator which starts the runlge time

]

range tme interval unit. Becmuse the precise time

of starting and stopping the range time interval uait

is & function of the ampliwde and shape of the leading
edge of the transmitted end received pulses, small
corrections w the pross range word are made by sum-
pling and recording the exact shape and amplitude of
the transmitted and received pulses using the wave-
form digitizers. Thus the center of the transmitted
and received pulses is used as the reference point on
the pulse. The beginning of the sweep of the appropri-
ate waveform digitizer is controiled by the same pulse
which starts or stops the range {ime interval unit, Th
epcch time interval unil is used to record the value of
the variable Umé delay between the cecurrence of the
l1pps sigral from the time standard and the actual fir-
ing of the laser. The computer performs the duat role
of calculating the azimuth and elevation signals re-
quired to drive the telescope mount and of formatting
and recording the ranging data for each range obser-
vation. Actual preprocessing or reduction of the data
is. then performed at a -eentrﬁfcamputmg'fa"c‘ii‘i‘tj.r at
Goddard after the data records have been transmitied
(usually by mail) from the remote sites. Eseh site
does have the cupability of performing a “quick-look"
analysis and editing of the data for rapid transmission
by teletype to GSFC, however the acouracy of this
“quick-look" data is not of the same quality as the
final preprocessed duta.

MAJOL 5 UBSYSTEM DESCRIPTION

1. Laser Subsystem

The laser transmitter is perhaps the most im-
portant single element of a pulsed luser ranging sys-
tem., The Goddurd systems use a ruby laser which
was destgied and manufactured by Korad, b division
of Hadron, Inc. The lusers have a plsewldth at the
hat! maxinuim points of 4 nanosecowds,  They operate
al & repetition rate of one pulse per second with an
esergy of 6. 25 joules per pulse, In order o achieve
this reldlvety navrow pulsewidth, the lusers are op-
crated B o Q-switched, cavity dump or pulse trans-
misslon wwede, See Figure 2, In this mode of oper-
ation the laser is clectra-optically Qrswitched after
Wi i is #lashod by using a- Dockelly cetl/patarizer
combinibom arvanged so that no eneryy 1s coupled out
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Fig. 2. Cavity Duap ulsed Ruby Laser

coupled out or “dumiped” Tramn the cavily within a four
nanosecond period.,
is produced.  The advastage of using the cavity dump
technigue in the ranging apglicalion appears Lo be two-
fold. "The fivst and most sbvious advantage produced
by this technigue i3 thut the shorwer pulse permiis
higher resolution in deterniining the tite of fiight of
the pulse to the target and buck,  Perhaps the more
fmportant advantage, however, is that all of the multi-
ple transverse mutlurs of uscillation which oceur in a
high energy lascr of this tpe are syachronized Ly the
operation of the cavity dutup Pockel's cell 1o leave the
system at the same instant of e,

Thus, Lhe Jour nanosecond pulse

The extreme jm-
portance of the synchronizing vifecl arises {rom the
fact that each oscillatoery mode bas o slightly different
radiation patters from the laser rod, Thus ut any
point in the far tickd of the luser transmittter radiation
pbatiern, & unigue ehsemble of modes exists which is

& superposition of the shightly diltereat radiation pat-
terns of each oscillatory mode.  In the ranging appli-
cation, this is no problem if all of the modes started
at precisely the same time. However, U the modes
do not start at precisely the smse thine, then the
measured Hme of Hight to o larget will vary depending

- on where that target is Foeated-in the overalt Tadintion
pﬂttern u§ %hu 1

i lhu fmportisce

ui Lhi;} t*uout in

'C l‘

il the evotiarion of the varias iaabu
SRR ] "
tem aceuracy of better than $0em,  Inittally, it was
felt that our aceuracy goal of 10 em could Le met by

“alfonnl Tayoul W Ve vow Tnstalled

using o cosventionsd (- switched Laser wiih a pulse-
widhh of nombudly 20 panosceonds 1 combination witl
ais tnproved recoiver which used the centroid deteo-
tan echnigue, © However, although the precision of
the resubts of sutellito tracking
teuls with two collocuted systems woere disapuointing.,
Woe disvovered in runging to o small corner cabe on
a curefully surveyid ground ronge that bias errors as

the sysiem fmproved,

Lurpe as one moier could be produced by the systems
dupeding upon where the target was ocuted in the
temmmitter radiation pattern. This problem was
soalved on un interosn bists by installing a cummerciat
available clectros/optical shutier produced by Apotlo
Lasers, ine. InHowing cur 20 nanosecond Q~-switehed
The electro/uptical shutter was adjusted w
tatie a slice of the wider laser pulsce when it regched

laser.

a maxitmum value aad i therefore produced a shorter
pulse of spprosimately 5 nanosecond, I ulso produce
the desiruble effect of synchronizing the multiple tran
verse modes to jeave the lager/shulicr combinution al
the same instant of time.,  After the installation of the
cloctro/optical shutter no angle dependent Hases wers
measurable, and the system precision wus also im-

proved,  Beoause ol the rather low energy output of

the parvower pulse and a vather gumhmbonm oper-

the cavily dump
fusers desceribed above i all of our systems,

2. ODphe a[ fi dmnu,di hubx\ Hlen

The role of the transmitter portion of the opticuly
miechanieal subsystein s to collimate the output of the
Luser and o point the collimuated beam ot the satellite
bolng trucked,  The receiving telescope colleets the
ciergy rellected [rom the satellite and focuses it onto
the cathode of a pbotomultiplier tube,

The transmit optical svstem employs a coelostat
type of arramenient for pointing the transmitied bean
This avrangement of two fixed and wo movable {lal
mirrors then perinits the laser to be mounied g fixe
positien with rigid connections to the laser cooling
systein and power supplics.  Pwo collimators are use
to murrow the beuns diverpence of the laser {vom 4
intliradions o the desired 0.2 mifliradians, A four
powei Gubilean collimator is fixed in position at tho
oulpyl 51 the baser, This collimowr expands the spot
size fro 378 inch to 1, 5 inches lowering the encrpy
doensily 0 which the coclostad mlrrors wre exposed,
The bust movable mivror of the coclostal is followed

- b\, i pawvua Gnltkeun collimator whivh-moves with”

Lhu oo The use of tHiis

The reeciver lelescope used i:-i‘ ;tiypi’nxillmluly
twonty doches modidmeter and uses a Coassagrain




Cresy
Tamplitude Bl Ihe

nirroer srratpee ent with the photomaliiplior tube
mounted al the o Gons ol the voar of the iy

U v cben apdicatiea the woles o

miirror. [
SCCVOeS tnerely as o paeton binhet no that qaiivueiion
limited oplical guality I= pob neoessicy,

The mount for e transmit and receive wloscopes
in the fixed station
while the wmoblle svstoms vse extensively mvdifiod
NIK BE-AJAK Ax-1ld
syn type encoders are wnel 1 conjuoction with hoth
types ob mnounts, the wiounts hsve beeno sligued
in the conventional v, fnal calibration s periovmed
by recording the vrror iy position of a sorivs of ap-
proximately Pty well distribuied sturs,

el for the

siemb O is a special X0 maoont

iennis. Twonty-two Bit indaeto-

Al

These errors
arc then used bn dovelonbng &2n urror m

mounts which is retadecd in the menmory of e
computer, Using tus ivclinigue, Letter than fve ar
second absolute poiming van be aclucviod,

3. Receiver Sulsystom
The purpose of the receiver submystem is to de-

tect the Hght pulses from the loser (ransmitter and
receiver telescope, and o measure preciseiv the time
of flight of the lipht pulse 1o the tarcet and back. The
mein cluments of the receiver subsvsiom ure the pho-
todicde for deteeting the trunsmitted pulse, the pholo-
multiplier tube Jor detecting the much weabor received
pulse, wwo fixed threshold pulse hei
two wavelform digitizers and finally o time hoerval
unit. Sce Pigure 1,

Leisoriminulors,

There are no special reguirements on the photo-
diode and any of u sumber of standird units will suf-
fice, The photonuitiplicr used in the Goddurd sy=stems
is an Amperex 8TV,
it combinus a number of characteriztios useud in e
ranging apphlication, It hus high guin, high cugpaat cur-
rent capability, it cun boe pémbiby range poted o cone
trol aversve buckeround, it has rolatively soad fransit
time stabidity, wud 8is vupped and Tow dnovest,

Slihough

is nn ool dosign,

The output of both the photediode and photomelt] -
plier tube is powor dividod with part of the sianal
betng wodl to trigger a tixed threstold discriminator,
This discriminator then produces a noise-lree step-
functfon culput winch sturts or stops the L intorval
unit and also starts the sweep of the approprinte wave-
form digitizer. The secoud hall of the outpot of the
photodiode o plictomultiplicr,” sttor u spproprinde
delay, s thon sumpled by e wavelorm digiizer and

LASER
T OATA
SYNTLM
pAGHE FIE
Tapy . Tl . .
e ed L 1o MOUNT
it AxiS
ENCLHIEHE

time inteyval unit is 8 commercially availuble com-
putingr counter (P Model 5360A) with 6. 1 nanoseeond
resolution. The time base for the time fnteryval unit
is supplied caternally by the cesium bean froqueney
standard which is part of the timing subsystem,

4, Computer/Sofiware Subsysiein

With one exceplion the ranging systems use lione
well H-518 computers, A Raytheon RO20 wos used in
one system due to cquipment availability st the ime the
syste: swerebuilt, The significant unique features of
the Hoz0arethatithas a 24-bitwordiength ands K of
memory, otherwise the hardware and software are fune-
tionally similar to those of the H-516 systewss, This
descriptionwill be specifically thatof the H-516 systom:

Computer lardware.

The computer hardwure is
indicated in i“ui‘g;d‘l:g-f}_:""l"ixc H-510 has a 16-bit word
length, 16 K of core memory and a 0, 96 microsccond
memory cycle time. It is equipped with high speed
arithmetio, realtime clock and priority interrupt op-
tiong, Software timing is controlled Ly a one per sec
ond intervupt and for lesser time intervals by a real-
time clock interrupt based upon & 10kHz signal from

Athse time standard.

The digital interface multiplexes up to thivty-two
16-bit input words and thirty-two 16-bit output words
to the input/ouiput bus. Console displays and control
consist of discrete pushbutte.  snd lamps, thumbsebo:
decimal-digil switches as wou as a CRRT data display
and input keyboard, Also inpul viag the digital inter-
face are the time-of-year, the mount poinling angles
{encoders), digitized samples of the transmitied and
received laser pulgses und various messutement sod
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Fig, 3. Computer Hardwire System
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b, applying atmosphleric corrections,

¢. applying corrections determined by an anal-
ysig of the waveiform digitizer values,

d.
points,

editing of the data to discard obviously invalid

e, fitting a short arc orbit to the remaining data,
f. discarding points with errors levger than 3
standard deviations and finally,
g. outputting the data in the desired format to
users.

- Figure 4 is a plot of the duta for a typical satellite
pass after it has been preprocessed following the steps
outlined above,

In addition to the ranging data, angle data is also
made available to the uscers, The angle mesasurements
are simply the corrected outputs of the precislon angle
encaders for those cbservations when returns were. .
received from the satellite, therefore their aceuracy
is only approximately one half of the tranamitted beam
divergence or 0,1 milliradians,

OPERATIONAL CONBIDERATIONS

1. Present Operational Systems

At the present time GS¥FC has three operational
laser ranging systems:

Systems Location
Stalas GS¥C

Moblas 1 éermuda

Moblas 2 Grand Turk Island

2900
SATELLITE = BEC DAYE = 741011 TiME = g58
GRAVITATIGNAL MODEL ~ OEM-1
NG, OF 275 = 530 SIGMA IN CM = B.7

The Moblas 2 lascr ranglng system 1s illustrated pie-
torially in Figure 5.

A third laser ranging system {(Moblas 3) is near-
ing completion and s scheduled to be ready for opoer-
ation carly in 1970, [n addition, the Air Foree Kaste:
Test Range is asscombling a laser ranging sysetem at
the Patrick Air Foree Base in Florida, The system,
which will be culled RAMLAS, will support GEOS-C
and other NASA programs staridng in August 1975,

2. Mobile Station Layout

A typical mobile laser site requires a fenced are
approximately 200 feet square with a 25 foot by 50 foo
concrete pad for the laser van., A survey marker iso
lated froin the concrete system pad is required for
precisely locating the laser ranging system.  Althoupl
we also used isolated picrs for supporting the luser
mount in the past, expericnce has shown that they are
not pecessary amnd we do nol plan to use them at future
muobile sites,

- Fypically, five vans are reguired-at a remote
mobile laser site. These are;

1. Telescope and laser van
2. Electronics van

3. Radar van

4, Btornge and shop van

5, Comfort van

If ecommercial power is not available, a power
generating van is required in addition.

» "_E I_RS 3 :1 5

| BESIDUALS IN METERS

TIME IN MUNITES FROM START OF PASS

Fig. 4. Stslss Range Residuals Vs, Time

AN 6

Fig. &,

Mobile Lascr Runglng Station



3. Manpowoer Hegquiremoents about 3 parts in 107, Thus, the sceuraey with which
T basor vanging systems coan be uged o nicusure tho
There are throe operatitg positions thal miee b distance o a selotline s churacterized by o sumber of

manned in order to teke o saweliite pass, Phoeso aee lactors, Filest, i is peeessary to culibrate the sys-

the console operatur, the mount operator pad the tem to o khown standard of length to determine the
radar operator. A surveillanoe ralar Is coguived oo fixed and dynomjc d.e,, puelse height dependoent) sys-
Cinsure that po siveralt in the vicinily of the ooy svse tem delays,  Sceond, the "nolse” of the instrumeont or
tem intercepis the Laser boam boouuse of the powsi- uncertainty in defermining the true position of the
bility of eye damuye lo sirerull ocennunis, pulses will Hudt system performance, Phivd, the
drift or instability of the instrument must aoi be Jarge
A typical ¢rew for conducviing loser ra T ity compored Lo the "nolse’ kevel, Fouvth, sinee an earth
erations on a regulir busis Is as follows: satellite is moving very rapidly, it is essontial that
the time ot which coch moessurement is mnde be main-
1. Croew chiel tuined vory accuridely,  Filth, since the velocity of
Heht in the simosphere ts different from the froe space
2. Computer technician : velocily, almoesphorie corrections must be applied,
Finally, in o typicsl spacecrall using sn avray ol
3., Electronic technicion corner eubes, the geometrie center of the retuin

pulse will be modified by the array.
4. Optical/Mechunical tchaicion
The crror budget for the GSFPC syslenss is given
5, Radar technician in Table 1, A detuiled discussion of each fuctor in
the error budset fallows,
If more than 10 hours por woeok of operalion
regularly scheduled, additionnl crow

‘needed for efiicient uperation,

Table 1

Laser Ranging Accuracy

4. Fransportabilic O
40y Laser
Moblas 2 and Alobdas 3 peleso fralie -

mounted and can be towed over the bishwsy,  Fhe Calibration L7em
Maoblas 1 tclescope must be trunspuricd un o ful bt

trailer. The clectronices vins cun e fowved, Lot i Pulse Position Aeasuremoent

J.9cm

radar and shop vians st hoe 1,z'zzm:§>en.'ém_i on i (L 10)

trailers. The comfort van is normally voated oenily

and not moved from site to site, : Syvsiem Stability i.¢cem
Approximately oune week Is pogquived o b s Clock syachironication (Gus) 3. em

a mobile laser ranging syslem o0 tueporio N

now site, At ahout o werhe ty <ol tir, ibiony, Lo Astmusphorie Propagiition d.loem

and be reuwdy W perform suleblite puneiag o e o '

site after arrival, Pwo weeks should b owdogunte bor S0 Arvrviy Geometry (97 10) Zothem

# move within the continentad (U8, Thorotore o oaa ’

mum of five weeks fg required aflor s denen ol o Totul Bs8 7.7 em

site before ranging can be stoavicd ol g now sine, e s T e e

1)5 l{mm‘\{ ANCL AN [IESLE o, Uidtbratlon, The laser ranging sysiem eali-
T Deation procedure 1 an end-to-cod eabibration dyihist
1. System Accurscy aonevondary distance standard (i, ) The distance

. T TR cobrumothe dJuser anowd axis o the calibrabion Lavyet is
"LHSC*I""1"’i‘ﬂ'§i‘ﬁ”'m,"'stcm RIEEHR RGO W PesdiRac e The el Bratiog pro-
sceondary ) Hauther, the s c‘mhm' At the L il 1»«%% b b

'H‘ tor e

related to ranse w%wn the syaten dodon s e Wi el range tata aze obhtained,  Thus, the :«\:aicm in coli-
because the velookty o Light v frov spoee o b 1o Drotod vver oowide ramgge of reecelved pulse heighits,




. . s} duration of the pass if the calibration is to be mepn-

£ 1 g ~ - 5 .

: i inglul. Furthermore, bucause of the mullimode Lages

{ ! used 1t s cssentiul @ checlk for angle dependent bigses
|

as well a3 time depeadent drifts using smatl corner
[pup— S— cubes which simulate a satellite return more renl{y-
T ¢ tically. The systemn stability of the GSFQ systems is
shown in Figure 7 for three different o rgets.,  The
first target is a fat board which is no rimally used for
calibration, and the other two targets arve small cor-
ner cubes mounted on a pole and a water tank FEspeC-
Uvely, Figure 8 is a plot of range difforence versus
trangmitter pointing angle, Both these plots confirm

s ]
AGET

Fig. 6. Laisore Raoging System Culibration

This calibration iv performed before snd after each

satellite b=, TARGLY BOARG
~ L3 ae \/\/\/\/\
. The calibration error sourees aro: the measured :
PGLE MOUNTED Cubt
il —W

distance fron: the rracker axis to the calibration tav-

get, the atmosphoric propagation cors ction, and the
precision of the tine intervil messwrement, The ac-
curacy of the meisured distance to the calibration
target is £1, 5¢m, the accuracy of the atmospheric
CPTOpagEation Corteitins 18 0 6 em, wnl the accuracy et o wotrs e

of the time intvrval messurement for 100 data points : 1"
with a messerenont RMS of Sem is -0, 5em,  The e W

total calibration «oror in (his casc is 1.7 om taking b
O QEIT it - Mer UarTios 9rarn. ! SETS— i
the root sum square of the various random errors., ok L L - A . L o
UNIVERSAL FIME JuNE 13 1976

FROM THE MERN N CENTMETERE
&
i

DEV 1A 0

b, DPulse Poaicion Measurcemeni, The simplest
form of pulsc O edsurement is a fixed thresh- Fig. 7. Stability Test
old trigger on thu feading edge of the pulse. The dis-

advantage of this sethod I8 that the measured pusitien

i3 a function of pulso height and pulse shape., _1 3 a2
L d L -
A betler fovm of pulse position measureiment is
a constant fracviion discriminntor on the tearting edye 3 '3 ? 2 f
of the pulse, 1 His method has the adyviatlege thst the é
messurod position is ondy weakly devensdeut on pulse g '.3 *.} a '.5 f -'i s
height, bul is s g tuncetion of pudse shapae, E
3 +3 +1 +2 2] +1
The pulse contvold @enter of encrivy is a better * * * * . .
measure of pulse position sinee it is doperdent upx)g § .2 . 0 “ 0
all of the envrgy o the pulse, rather than upon detaily = N . N . .
of the lending vdye, TLis is the teehnique currently
used In the GSPU svstoms, W tracking operations we 3 2 g 0 ° g
typically achiove single point ranging uncertaintics of
better thun 10cm.  In us much as o yumodeledorbital . . . f .. .. BEURPRDRRORRSATS < SONURIR NORDRIES: SO o
uncertainlics ¢un veour for fntervala ol WEs thin 1o R . ¢ * ¢
seconds the sl inty ¢ uc,m,i;};.:,...
: BVETUEINE (i coninchtve Tange Toat s s T
""""""" VIO = 3000 18 i Wl EG DTy in determining the
HHpeT oy iE
AZIMUTH
€. Systew Sisbilily,  Sined the locer Systems 0.00%
are calibratod z.:i‘ali;t‘ﬂi:lvh‘i‘\.f betfore st alier cach _
spaceeratt puss; the systenr miust be woable tor th Fig. 8 Range Stability Ve, Pobuting Angle



) wasa t), pu all

whidz esn;)lm wil

that the overall svstom stubility is within the tem
value usoed in the crror budget,
d. Clock Synchrunization, The GSPC laser
sysiems are (,qm,'}pul with Cesiwmn standards and
LORAN~C reccivers. The requircment for tme syn-
chronization in the Atluntic calibration urcu is £5us
between stations, frum the
faet that & satellive moving in a typical low orbit trav-
els approximately 0,7 ¢m in one microsceond, Thus,
if time is synchronized w within (ops bolween sites,
the peak error in spuacecraft position would be =3, 5
cm.

This requirement avises

e, Atmospheric P opay mun Corred Lmn since
the veloCily of iioht 18 differcut in the simosphere than
in free space, the ranging dais must be vorrceted for
the atmospherie slowing, In gencval this is done by
using an almospheric model which relates surface
pressure, tempersture and relalive humidiyy o the
total range corrcetion. The model used by the Goddard
Space Flight Center was developed by Jobn W, Marind
and C. W. AMurrav, Jr.® This model was extensively
checked ayaiust ray traces using radiosonde atmos-
pheric data and the agreemoent between the madel and
the Fay traces was better than 00 5o even-atiow ele-
vation angles. Since this inwrcompariscn neglected
common mode errors and assumed atimospheric homo-
geniety, the absolute error is conservalively estimated
to be less than 8. uom,

System Intercompurison Resulis, The final
and perhaps most complete lest of ranging system
accuracy is to vencuct actusl sutellite ranging oper-
ations with fwo or more collocated laser ranging sys-
tems. Short arc solutions are then made independ-
ently using the data from cach vanging system. Biases
between thesce two Independently determived arcs ave
then computsd,  Fiowre 9 s 2 plor of the resulis of a
series of intercomparisons of two collocated systems
for three differont syswem configurations,  Kuach point
on this plot is the result of u sepurate sawctite track
by two systems wd the erroy bars roprosent the un-
certainty in deiermining the bias for cuch short ave.
In geneval, this sncertainty in determining
s dominated by the noise in the dara frem the Indi-
vidual ranging systoms, ol 11 tracks
were performed in 1871 using the first operational
laser syswems doeveloped by Gbid, SO phese Sys-
tems used leading vdgy detection with pudse height
correction and the single point utcertinty-lu the-duta-
: d(}{‘]il. st 7o

the bias

The first sevics

seecond secd wchka

st giciusertenytas
nanoscceond,
systems,

muitimode Q-switehody de the carlior

Here, the precision was hoproved by the

" pew receiver technique,

1
| i
A I S I S S SO
LA R AR 1 N T
P |

ok BEL PLELE WITH
CEMTHINN HF TLL Tt

FULSE HEIGHT DR TESTnN CENTHDIE DF TrOTads
Fig. 9, Laser Ranging Two Station
Intercomparison Results

however, the system biases
were approximately the same as the curlier systems.
The final series of five tracks were made in late Spring
of 1974 using the Moblas 1 and 2 systems with the sume
(;-switched laser, however, it was now followed by an
electro-optical shuticr. Here, both the improved pre-
cision and reduction in system bias is obvious.

2, System Range Capability

In addition to the accuracy capability of a system,
an extremely important characteristic ol u laser rang-
ing system is its maximum range. Although it is pos-
sible to design sysiems 1o operate satislactorily with
less than a single photoelectrow average return pey
shot as in the lunar ranging systems, 11 12 the Goddard
systems are not designed fo operate in this way,
Rather, the centroid detection technigue is designed to
exploit the higher signal levels available in runging Lo
targets murh closer w the earth, Typically, tho
threshold is set at a signal level of five photoelectrons
pur shot to achiove the system aceuruey desceribed
above, The average number of photoclectrons to be
expected Tor each laser shot can be computed [rom the
well kieswn basgic radar eguation

UL D} By owy
2 9% by R*

where;

g% Photomultiplier Tube Quantibn Efficiency

By = Overall System Efficiency



f},l.-“-‘ Biversonoe o e polnt of e Lransmiited Peter O, Minott of the Goddard Space Flight Center

heatn hag celeulated and in most cases measured, the eross
gection of a variety of retroreflector cquipped satel-
h = Planks constant lites currently in orbit. 19 In the interest of complete-
ness, we have included a summary of his results for
v = Freaqueacy of the laser rudiation the various sateilites and the Lunar arravs inTable d,
. g = Radar vooss sectian of the turget The right hand column of Table 3 is a tabulation
of the radur cross scotion for each of the satellites
ap = Two-wuy atmosphoric transmission divided hy R* and is thus an indicator of relative rang-
ing difficulty.
R = Range Lo the target
In summary, the present GSFC systems are quite
The values of e fined parameters {oy the GSFC sys~ adeguate for econducting regular ranging operations to
tems arc summnarized in Table 2, any of the lower sateilites including STARLET which
is the most difficult of that group. However, improve-
- Table 2 ments will be necded in system capability to reliably
range to LAGEOS or Timation,
i Parameter Value
e e 3. Operational Summary
] 2%
Upon the completion and testing of the Moblas 1
E, 0,254 and Moblas 2 Laser Ranging Systems at the Goddard
... ... . . bptcal Research Facility (GORF), they were moved
DR 6,51 M to California for the San Andreas Fault Experiment
SAFE)., Moblas 1 wasoperated at Quincy and Moblus 2
Egr ¢.15 at Olay Mountain near San Diego,
0, 0. 2 milliradians During the period from August 27, 1974 to
December 14, 1974 these two systems made range
v 4,321 x 1014 Hz (A = 0. 6043 am) measurements Lo three retroreflector equipped satel-
- lites; GBOS-A, GEOS-B, and BE-C. During this
Table 3
) Cross Section/ (Slant Range )4
Satellin Orbital Altitude Cross Section
) Mx 10¢ M2 x 10° Zenith 145°
M2x 10718 M* x 10718
1, BE-B 1,13 4, 60 2. 02 0,418
2, BE-C 1,00 4, 60 4. G0 L4
3, GEOS t (%) 1.95 67.2-0 3. 96 0, 026
4, GEOS U {1} 1.53 100-0 18,2 0,127
5, GEOS U (C) 0. 93 3-30 401 10
6. LAGLUS 4, 90 10.8 G, 00891 0. 00473

Lanar Aveavs:

0. 240

9, ‘Timution d 1.0 103 . 0U268 4, 00183
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A summary o the perlermanee of B fleree Sys-

tems during b 71 SAFE opuration soas follows:

Totul  Ave. Cal, Ay, No,
No, ol Wangs flits Por
System  Pa B tesidual
Moblas 1 £ 4.7 cm 11.6em 77
Moblas 2 11y G.olem 10, 2 em 159
Stalas 11! J.5cm 6.7 cii 229

On geverst ooouzions during the 107
erations, simulitoeous ran*»;-:;izxg:; to if-af
by Moblas 2 in Huu Dicgo, Call
belt, Md, was wwoooh risi;‘hui. :
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the two sitiz,
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were installed 1o Joblas L at the b
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configuration.
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Dave
1 ranging syslems

GEOS- C wnn
ranging started
retrorefiector
by the three lu-
with the highest
mary of the luser o

hiu

[N

singe thal tinwe
civen to GRos-L,
dip on these saellites from

AINTAIRIAY A osuin-

April 9, throwsd Jone 25, 1875 §5 ax tollinvs;
satellife M o el

Ctemplated by NASA for fulure

Preprocessed dotioon these passes 1s aot wvail-
able at this time, so the rge vesidealys cannob bo
Hated, Since Boblus 1oond 2 are now cquipped with
cavity dump basers, iis expected that the range re-
siduals for these two svstems will be improved by

nearly o faclor of two.
FUTURE IMPROVEMENTS
The thrust of the continuing ;u'uumi bamer ratging
technolowy developinent st GS IO bs bwodolds (1) Lo cun-

tinue the development of echanjopy which w il pmprove
both system accuruscy and range capi ihidtly and (23 Lo
develop the techuulogy of cost elfuetive
may nol represent the state-ol-the-art in beris of
accurucy bul which meet the reguirements ol @ broader
class of users tor vabiable velatively low cost systens
In addition we are developing the woehuotagy

for performing luser ranging from spucoeoer alt Lo groue
and to othey spuceerall Tor a host of fulure applicativn:

syslens which

BUCCSHUEY

The most pressing reguirvinent for immediate
system improvements will comu with the availubility
of NASA's LAGEGS sawlhlite, This satelbite will bue o
perfect spheye; 64 meters i disunuter and oguippod
with 426 retroretiectors, It will be luuonched il 3
very stable circular arbil with an ubtitedo of 5000 kil-
ometers. The exceltent geometry sud high vrbit ol
this satellite will require more accurute ground sys-
tems o tuke fuld advamage of poteutid applications
and will require an improvement of approsimately @
factor of ten over prosent sysiems in ringe capability.
The Moblas 3 system preseully noaring completion
will have an overall sysiem aceuracy ol better thim
5 cem and will incorporate the necessary mprovenent
in range capability, The moest importiut singhe chang:
will invelve the use of a freguency doublod Nt YAG
laser in place of the vaby lasers now Ledng usud, We
are currently evaluuiing e candidaie systems for tie
few laser transmitior,  The Hest s ao 402
ond pulsewidth Luser produciag 002500 of energy ut

g, hdp meters waveleagth bollg bulit lur NASA by
Gri/sylvania, The second candidate witl bue a 5 nano
second pulsowidts tuser ool you umder contract,. To
vealice the optimn potential of cithey ol these lusers
varioud recclver subsy stens improvemoents will ilso
Lo fncorporasted, Aoblas 3 will then serve i thoe
techaie ot Laser vangisg
gystems whose procureiment 15 ctirrenily
nebvork appiications,

naneLHOC-

af forerunner ol a4 now surics
bebng cudre

GROS-A 3 R 'y i7
GEOS-B 7 3 7 w7
Totals 31 1 ju 1450 NN

30
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ation to NASAS Office of \p])lludlln%h, Office of Trik

g and Date Avguistiion and Litiee of Acronaulies A
spave Pechnolopy for the moral and Desneial suppost

which made this work possible, W de also B rade bl



to Dr., David Smith and numerous members of his
Geodynamics Hranch al Goddard who ag the primary
users of the ranging data have worked with us to de-
velop the full poteatisl of laser systems for a varlety
of applications, Finally, we are grateful to those em-
ployces of the RCA Service Company whe serve as the
maintenance and oporations stalf for these systems
and who have contributed in innumerable ways to their
development, test, and fmprovement.
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INTERKOSMOS LASER RADAR NETWORK

A.G. Masevitsch, K. Hamal

Using simultaneous photographic and laser satellite
obseivations /1/, it is possible to determine with a great
accuracy the lengths and directions of arcs thousands of
kilometers long on the earth’s surface. The method of geo-
detical Arctica-Antarctica vector enables us to determine
with the same accuracy the lengths and directions of
arbitrary ground - arcs up to the length of earth’s dia-
meter.

The main reason to build the laser radar network
/Fig. 1/ was to fullfil the requirements of the Arctica-
~Antarctica project and East-west vector and some other
projects in géodesy and geophysics were considered.

. The measurements have been covering dhotographing.
of artlflcal satellites and at selected places of this
chords the laser ranging has been done.

The principal requirements were the accuracy ¥ 1,5 m,
the transprotability and simple operation. To solve the
problem quickly and efficiently, the international laser
radar working group was found within the Interkosmos
program. The technical project was made in 1971, one
station a yaer was expected to build.

Since 1572 Laser Radar § /2/ /Fig. 2/, stationary
version, was operating at Ondreijov /Czechoslovakia/. In
1975 this station was moved to Poznan /Poland/ and put
to the operating condition in June 1975.

The Laser Radar 1I. /Mobil container version/ was
operating since March 1973 in Riga /Soviet Union/. In
September 1974 this station has been operating at Helwan
/Egypt/. The observatory was built within two days in- -

. cluding allgnment prellmlnary callbratxon)and flrst
%@@ﬁ&ﬁ&&ﬁ%@m&mﬁﬁﬁﬁﬁrﬁﬁgf
Septambcr, October and November 1974 .and at Ceos C

campalgn for three months since May 1975, For-overseas

)

o,



observing sites the aircraft transportable Laser Radar I711
was developed /Fig. 4/, The traHSportability was checked
during the transport to Bolivia - the end station of Last~
-West vector. The container ig moduied, the size of moduy-
les is matched to commercial plane.

The block scheme of these radars is shown on fig. 2.
The 4-axis mount /M/ /see also fig. 4/ isg visually tracked.
The analog control of the third axis is used. The 10 cm
guiding telescope has 1 or 2 degrees field of view. The
transmitter consists of the Q-switch ruby laser /L3, L4/,
the power supply /L1, the remote control /L2/ and the
cooling system /L5/. The ruby rod of 1 com diameter and
12 cm long ang a linear flash lamp are placed in the

dicarbocyanine bleacher /3/. The output enerqgy is 1 J,
__the"pglse_length_lS.i.zunsec, repetition'rété'EOUSﬁC£S/ﬁin;
The solid state driver for the rotating prism motor allows
T 2 usec synchronization according to UT. The beam
divergence of the laser is 3 mrag and using the telescope
could be reduced up to 0,5 mrad. Part Of the transmitted
light is detected /500 MHz bandwidth/ and startsg the
counter /D3/ and is connected with the Chronograph /T2/.
The receiving system consists of the 32 cm Cassegrain
telescope /R1/, 20 A interference filter /R3/ with 50%
transmission ‘and RCA 4852 PhotOomultiplier /R4/ with 4%
quantum efficiency. The received electrieal pulse passing
the adjustable gate /Dl/, the amplifier and adaptive
threshold circuit /p2/ Stops the 5 nsec resolution counter
/D3/. The timing system consists of the chronograph / T2/
connected with the time base /T1l/. The outputs from the
counter and the chronograph are printed /p1/.
.Keeping~very_hiGh:efiiciency Oof ‘the scientific ang
technical work and taking /- 511 de

in account considerabl

“Teooperation in both preparinc s d_exploitation. of the.

ceeds following steps:
the completation at coordinator centre /takes approxi-

€S



matelly 14 days of common work of 5 - 8 experts of coope-
rating countries/, packing of station, transport building
and calibration. ﬁ

The training centre was built to traine the operators.

Advanced station

To increase the accuracy and universality the second
generation of the laser radar has been considered. Four axis
mount /4/ :Fig. 5/ allows simple visual tracking and the
carefull design gives the possibility of automatic tracking
either. The overall pointing accuracy within 1 nrad was
achieved. The ruby laser exploiting two Pockells cells
gives 2 nsec long pulses /Fig. 6/, the repetition rate may
be increased up to 180 pulses/min. The range time interval
unit is based on the expander technigque /6/. The time re-
solution is better than 0,3 nsec. To allow measurements at
Cyety “low "signal level the range time interval -unit-has- -
three stops. We plan to exploit an online computer gene-
rating ephemeris and controling two stepping motors in the

third and forth axis. The computer will collect measure-

ments within the calculated range gate.
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The U, S. Lunar Laser Ranging Stations

The MeDonald Obgervatory Station

The MebDonald Chservatory Lunar lLaser Ranging Station

) is locatcd at approximately 103 deg. W and 30 deg. I in
S.%W. Texao. The system has been in operation since the
fall of 1969 and currently has produced approx. 1800
normal pointe with the firing of over 700,000 laser shots,
The rangine system has been descerived In some detall in the

Jourrnzl of Applied Optics 13, p. 565, 1974, Since that
description is still accurate with the exception of the timing
electronics, we will only briefly swmmmarize each of the main
areas of concern. More detailed documentation of both the
couipment as well as the operations is avallable to any

interested party by writing the author in Fort Davis, Texas.

Table I.summarizes the most important parameters of the
MecDonald Lunar System. To give you some idea ofthe overall
operating problems,I will list a few of the statistics of
operation which have been accumulated over the course of the
last five years.
a) The averace sirnal for the best month of operation was
N approximatsly 0.1 phetoelectron for cach laser shot.
- b} he peair gishals which have been seen at the observatory
approach @ lovel of 1 photeelectron/shot.
¢)  The average sigmal for a year of operation will average
approximately 0,03 photoelectrons/shet for the Apollo
15 corner reflector.
d) The ratic of successiul runs to attempted runs averages
about 794 for the last three years.
e) The dveragd accuracy of the 1800 normal pointg is about
A,
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Table T

Tmportant Paramceters of the Melonald Station

transmittor/receiver size 2.7m diam,
output enersy per shot 1.2J O 6943%
spacial filter & arc sec
spectral filter 1.2 2

total recelver efficiency ~0,5%

laser pulse width 3.0 M
repetition rate 0.33 Hz
single shot uncertainty ~ 30 cm
limiting collimation 1.5 arc sec

he Jlectronics: The timing electronis of the McDonald

system has recently been upgraded to higher accuracy.
Th D
0

> new systen uses an IG&G Time Digitizer +to measure

b

1

o

ot

I the epcer of Ziring of the laser as well as the
cpoch of the receéived pulse from the moon. The EG&EG
device has permitted us to contruct a lunar timing system
using only commercial equipment with an RMS Jitter of

125 picoseconds. The system 1s self calibrating and is
expected to be extremely reliable. Schematiic diagrams
are wvailable on request.

Calibration: The sytem calibration is accomplished by

sending a small portion of the outroing laser beam to the

PMT each time that the laser is fived., Thig enables us to
atatistically determine the system calibration constant

on each day with an accuracy of dbout 200-300 psec, The
system does not appear.to.drﬁft¢in axQess-Q£-58mpsec-per;week

in the absence of room temperaturc variations
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pointing the telescope at the site using the cbzervers
knowledre of nearby features on the lunar surface., Thig
g J

o)

has only become Posgible because of the uuny observing runs
which the two regular observers have made (approx. 2 2500),
During periods when the observer can not see the site in
QUestion, cuch ag around new foon, the telescope is offget
from zmall craters using the accurate differential encodars
which are availabile on the 2.7 meter ing trument,

s

The Hawaii Station

The Univers 318y of Hawaii hag been ¢o structing a
laser station on the summit of Mount Ha}euﬂa? in Maui,
Hawaii Ffor sbhout two years. mhe Station is an ambitious
second generation station which ig des 1ﬂned for a normal
ranging-accuracy'of'?-% cm.  The two major design criteria
vere of +the Tollowing nature. a) In order to permit ranging
near new moon when the ctonirast on the moon was low, the
system should be capable of absolute Pointing to the neceg-
SAary accuracy. b) In order to permit ranging under a wide
range of less than optimnm conditions, it was decided to
attempt to obtain g return signal which was about three time
the averase ot “eDonald. In order to satisfy these crlterLa,
16 wia deeldoq 44 use o 8¥dtem which had g Goparate troansmilte
ter and receiver, The transmitter ig g 0.4 meter refracting '
telescope which is directed toward the neon by means of a
slderostat, mhe recelver, which in currently beinz contructed
at the Hational Bureau of Standards by J.i, Faller, is a
flyseye systen using 80, 30 enp objective lenses brought to
& common focus, The clectroniss ig a 2 channel, 8 stop
System with 100 psec resolution des $gned by D. G, Purrie and

C. Stegperda of the Un;vorﬂlty of Marylana.um”h“w”
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Tablic 11

Syecifications of the Haleakala Iunar Laser Station

transmitter size 0.4 m refractor
recelver s 2,0 m "{lyseye telescope"
spectral filter 2.2 i
laser pulse width ~ 200 psec
laser cnergy 200 mj/shot @ 53203
repetition-rate 3 Hz
single shot uncertainty ~T com
minimum collimation ~% arc sec
B A
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Figure I: The Haleakala lLascr Station



A rourh ochomatic drowing of the layout of tho Haleokala

station is shown on the Jast puge,

At present the basic ranging system at Haleakalas is
complete with the ecuception of the receiver, In order to
procecd as far asg posocible under these circunstances, it
wag decided to attempt some preliminary observations using
the 0.4 m transmitter also as a receiver., This has permitted
the station personnel 4o aebuz most of the equipment, par-
ticularly using wanging to a corner reflector on the Mauna
Kea Observatory which ie 124 Em distant, It was hoped that
some lunar ranges could be obtained with thic preliminary
system under optimin conditions, but a number of attempis

gso far rroved unsuccessful. TPurther details of this
system cun bl o toined from the project director, Dr,
diliion Carter, Institute for Astr@nemy,-ﬁox;157, Kula,
Haul, Hawail 96790 U. 5. 4,

. C., Silverberg
Aug. 12, 197




LUNAR AND SATELLITE RANGING SYSTEM
AT TOKYO ASTRONOMICAL OBSERVATORY

ATSUSHI TSUCHIYA
TOKYO ASTRONOMICAL OBSERVATORY,
UNIVERSITY OF TOKYO

1. INTRODICTION

Since 1972, we ha4 made routine observation of satellite
ranging by laserf It was, however, the first generation
System with ranging accuracy of about 1 meter.

Recently, 1975, we have installed new equipment for
both lunar ang satellite ranging. Our system is installed
at the podaira Observatcry, Tokyo Astronomical Observatory,
which is about 100 kilometers apart from down town Tokyo.
The altitude ig about 850 meters.

& SYSYEM

Fig. 1 - 3 show our System. The system specificati~
ons as follows:
i/ Lunar Receiving Telescope /Fig. 1/

Diameter 3,8 meters metalic mirror

Mount Az~E1l Mount

Drive Torgue Motor /Direct drive/
Encoder Inductosyn 1. g" /arc/ resolution
Field of view 10" -~ 307

i1/ Lunar transmitting telescope /Fig, 2/
This telescope is also used for satellite receiving
telescope switching the Optical path.

Diameter 0.5 meters glass mirror
:Lﬂognt.'¥';'L.h'T.'”X”?”ﬁ6Uht'é”éudé”cptiés -
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iii/ Lunar Laser

Wave length 6943 A / Ruby /

Constitution oscillator + 3 stages Amplifiers

Oscillator mode TEMOD

Oscillator output about 100 mJ

lst stage amolifier output 0.4 - 0.5 J

2nd stage amplifier output 1.5 -~ 2 J

3rd /last/ stage amplifier output 4 - 6 J

Pulse width 20 - 25 ns

Repetition rate 0.2 Hz

Beam divergénce ' 40" Jarc/
iv/ Satellite Laser

Wave length 6943 A /Ruby /

Constitution Oscillator + slicer + amplifier

Oscillator mode Multi Mode

Oscillator output 1 g /60 Mw/

Oscillator pulss width o 15 ns -

Power level after slicer 40 MW /peak/

Amplifier output 150 MW /peak/

Pulse width 2.5 ns

Repetition rate 0.1 Hz

Beam divergence 5 mrad

v/ Range counter

Accuracy 1 ns
Resolution 0.1 ns

vi/ Range Gate
Accuracy + 10 ns
Resolution 100 ns
Digits 8 Digits

vii/ Pulse distribution analyzer

A 4 bit 112 words high speed memory reccrds the PMT output
pulse number in sequence of 25 nsec of time interval. This
equipm@nt~i5-u58dgﬁni¥;r;f:lunaerBSérvation;
viit/ Timing
ﬁﬁﬁ%ﬁ&éﬁiégé%§%§%©r~%3~

Corad oS BN ET AR AT AT S T RReg T
through VHF radio to Cs irequency standards at MITAKA
Obsorvatory. The MITAKA Ubiservatory is our main office.



The timing accuracy is about * 5 us for USNO.
ix/ Computer Interface _

Here, we mention only for telescope offset command
/Fig. 3/. This is provided in order to offset the tele-
scope from its computed position without computer off.
By pressing appropriate buttom /corresponding to desired
axis/, computer add or substract a specified value on

encoder value, and controlls the driving. Hence, the tele-

scope axis 1is offset from initial position.
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UNIVERSITY OF MARYLAND LASER RANGING SYSTEM
C. 0. Alley

I. Introduction

Following the design, installation and initial
operation of the Mcbhonald Observatory lunar laser ranging
station, in cooperation with the University of Texas and
the Goddard Space Flight Center, the University of Mary-
land group turned it attention to research and development
for future laser-ranging systems. Work has concentrated
on short pulse /. 100 ps/ high repetition rate /high
average power/, NA-YAG lasers which cffer high accuracy
as well as a trade-off against telescope aperture which
can be very effective in reducing costs. Another area
of research has been the construction of improved timing
electronics to work with this type of laser. A third area
has been the experimental study of timing jlttex in
photomultiplier tubes for single photoelectlon detection

IT. Nd~YAG Laser /Steve Davis, John Dbegnan, Sherman Poultney/

This laser has been redesigned and rebuilt following
initial design and construction at the Sylvania Co. /W.
Fountain/ under contract to the Office of Naval Research
/F. Quelle/. It consists of an acousto~optic mode~locked
oscillator using continuous krypton arc lamp pumping of
a4 6.4 mm x 5 cm laser rod producing a pulse train of 120
pa FWLEM pulses at 150 MHz, One pulse can be selocted by
Pockels Cell switches as often as 30 times per second
for injection into a multi- pass cavity for amplification

to ~ 2 millijoules and subsequent extraction by Pockels
Cell switch andfrequency doubling to 5321 A by a KD%p
crystal with 30% conversion efficlency. Beam divergence

is maintained at the diffraction limit, about 0.4 milli-

- radians. Amplitude stabilzty cf a few percent ‘has been -
N exhibited /See Flgure l /




IIT."Event Timer" Electronics /Douglas Currie, Charles

Steggerda, John Rayner,
Al Buennagel/

A new type of timing system which eliminates the
need for many time-interval measuring systems has been
constructed. By using synchronous counters and latch
circuits along with dual slope time stretching vernier
circuits it is possible to record the epoch of a pulse
directly /in a time base desired from a 5 MHz signal/
with a resolution of 100 picecseconds, up to 100 pulses
per second. The epoch of the event in fractions of
- Julian Days is recorded in the memory of a NOVA 2/10

computer. By taking time differences between incoming

and outgoing laser pulses, the range time is determined
by the computer., A system of this type was delivered by
Maryland in 1973 and forms part of the Haleakala Lunar
Laser Ranging Station. IR ‘

1V. Field Operation in the Atomic Clock

General Relativity and Laser Pulse Time Transfer

EXperiment

In order to compare the time of a set of atomic

clocks in an aircraft with those of a similar set on
the ground, the laser has been incorporated into a
ranging system with an event timer and photomultiplier.
A similar event timer and photomultiplier is on the
aircraft. The photomultipliers are RCA type 31024, usad
with Hewlett Packard Type 8447 D and B low nolse wida
band amplifiers and the Ortec Type 473 constant fraction
discriminator., A corner reflector of the lunar type is
attached to the aircraft just outside the windaw
behind which 1is located the photomultiplier detector /with
neutral density light attenuators/. _ ‘

“The raw laser bean XAIZ"mm”diamétér/'isVihjectedm””
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and elevation by joy-stick controlled tachometer feed-back

to motors.

vertical

‘ Movable
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Laser to Aircraft
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Fixed
Mirror

Visual tracking with closed circuit television is used.
The laser ranging system performs very reliably in a bus
located at the airfield. After transportation from the
University in the ‘bus /130 km/ no adjustment of the optics
was necessary to achieve satistactory operation. On one
occasion the system operated continuously for 12 hours
with no difficulties.

Histogramg of 160 laser ranging shots to a stationary
target /white diffuse flat plate/ at a distance of about
100 m are shown in Figure 2 to illustrate system performance.
The solid lines are the original target position and the
dashed lines are for the target moved 2.54 em /1 inch/

closer to the transmitter.

V. Future plans
The system will be coupled to a new 1.2 m /48 inch/
telescope at the Goddard Space Flight Center and used in

regsearch on new techniquées to achieve 1 ¢cm ranga’

S g CUTACy for S pacecratt and /with anplifiers/ lonar  trackinge oo
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O.N.E.R.A. LASER TRACKING STATION
Claude VERET

The ONERA™ laser tracking station is actually in
operation on the GRAN CANARIA island, 28° north in lati-
tude, near the Africa west coast.

This station includes an azimutal pedestal which is
a modified BOFORS gun; laser transmitter and receiver are
mounted on it.

The main features of this equipment are the follow-
ing:

- Laser transmitter:

Ruby laser Q-switched by rotating prism.
Energy per pulse: 1 J

Half width of the pulse: 30 ns

Frequency of pulses: 1 per second

Divergence of the beam /out of the laser/: 30
_AfOCalmxafractive.talescop@:-X 10

Divergence /out of this telescope/: 3
=~ Receiver:

Cassegrainian reflective telescope

Diameter of the primary mirror: 60 cm

Telescope focal ienéth- 2.2 m

Spatial filter giving a field of view of: 37

Spectral filters: 0.5 or 1 nm

Rotating density filter

Detector: PMT, 56 TVP RTC
Twodmodes Of tracking can be used;
Mode 1: Visual tracking

An observer, sit on the pedestal, see the satellite

in a refractive telescope /diameter 120 mm, X 23/ and track
it with the aid of a Joystick acting on azimutal and e le-
vation mecanisms. During a passage, the laser is fired per-

~manently at the recurrence frequency of one shot per second. =

92320 Chatilloen /France/




Acquisition is done visually from the predictions.

Mode 2: Semi-automatic blind tracking

This second mode is mainly used for high magnitude
satellites uneasy to track visually such as STARLETTE. Other
satellites, such as GFOS and BEACON, can also be tracked
by this mode when they are in the shadow, by night, or in
crepuscule conditions.

Predictions of the satellites are coemputed by the
CNES Centre in TOULOUSE and sent by telex to the station.
These predictions are either ephemerides or orbit para-
meters. They are introduced in a computer, the output of
which is applied on a cathodic oscilloscope, at the time
predicted for the passage. On the screen of the oscillo-
scope appear several Spots: the spot at the centre of the
Scope correspond to the predicted position of the satellite
at the observation time; the other Spots are positions
earlier or later.

- An other reticle appears on the screen éofféépdﬁdihg
to the optical axis direction of the pedestal; this reticle
is obtained by voltage applied to the scope due to azimutal
elevation encoders mounted on corresponding axis.

An observer seeing the Screen, acts on a joystick to
move the pedestal and the reticle with it. With a good
prediction, tracking is obtained maintaining the reticle
on the central spot.

If the satellite is delayed with regard to the pre-
dictlon, acquisition can be done exploring with the reticle
the other spots appearing on the screen. The first echo
obtained by mean of this exploration, the computer receives
an order to delay its program and tracking is then done
as for a good prediction.

All datas are acquired by the memories of tho compu-
ter. After experiment, they are extracted from it dnd per-
forated punched. tape which 15 transmitted by telex to the
W?CNES Centr@ fox pxaceasxn N B




Calibration procedure

As for most laser trackingvstationS, calibration
constant can be determined, illuminating a target at a
known distance.

An other mode of calibration procedure can be also
used.

When operating, .the start signal for the counter is
given by a diode detector in the laser transmitter, and
the stop signal is given by the photomultiplier in the
receiver.

The diode is illuminated by a small part of the laser
pulse reflected by a beam splitter /glass plate without
coating/.

The calibration constant includes the optical and
electronic delays due to the fact there are twodifferent

detectors and associted electronics for starting and

-stopping the counter:. If a light pulée-would act on the

same detector /i.e. the diode/ for start and then for

stop after reflexion on a target, the calibration constant
would be zero, or only corresponding to a geometric
distance. So, to get the calibration constant, the follow-
ing procedure is possible:

The beam splitter, before the diode is rotated by
80°, So, when firing the laser to a target there is no
pulse on the diode when leaving the transmitter. The pulse
illuminates the target and comes back to the transmitter -
~ recelver. Part of this light, reflected by the beam
splitter gives a pulse on the diode which starts the
counter; an other part of the light reflected by the tar-
get goes through the receiver and gives a pulse on the
photomultiplier which stops the counter. The recorded
time is the calibration constant.

By means of suitable density filters before dliode and

allows calibration constant determination versus light

pulse return level. - ' \



LAGER REAM WAVEFRONT DISTORTIONS MEASUREMENTS

H., Billiris and N. Tsolakis
Na. o ownal Tech ical Univérsity of Athens

Sur. -ing Laboratory

ABSTRACT: Laser beam v vefront distortions affect the

‘ accuracy in range meas oements, mainiv in the case of
satellite range measu: 2xnts. In this paper we discuss

a new technigque foe the direct measurements of the Laser
bean wavefront distortions for the Laser Ranging System
of the Satellite Tracking Station, in Athens, Greece.

INTRO™ TION

wi. ..g the last decnde Laser Ranging Systems have
provided with the most accurate Satelllite rangs measure-—
ments. Today this accuracy is of the order of 30 - 50 om
for ranges of a few megameters. In order to achieve a
better accuracy using the existing Laser systems we have
to find meore sophisticated algorithms for the data
analysis., Lehr et al., /1973/ and Billiris /1874/, have
discussed for new ways of analysing the data. Laser
pulse photography, Lehr et al., /1973/, gave a new
correction ©f the order of a few nsac and Lasery bheam
distortions, Billiris /1974/, provided with another new
correction «bL abcut the same order ©f madnitude. The
last correction 18 possible 1f wa know thae laser beam
wavefront corrugations as well as the position of the
target in the Lasar beam.

Studies of Xorobkin et al., /19667, 71967/, on Lascry
pulse photography with a streak camera showed the direct-
ional distribution of the radiation with differences of
the order of 20 nsec. Asmbarsumyan ct al,, /1267/ and
Gibbs and w&frﬁhgr_/196? _ have shown that the magnitude

of the waveli. .U distortion is comparable to the duration

moasuremoents of the laser heam wavefront distortions for

the Satellite Tracking Station at 7Lonvwo~ Athens, Orcece.

(,L



The experiments carricd out, show that the wavefront
structure of this system affects the accuracy of ranging

to satellite.

EXPERIMENTAL SET UP - MEASUREMENTS AND RESULTS

The laser transmitter consists of a TRG 104A ruby
laser and a rotating roof prism. The ocutput pulse is about
60 MW with a width of 25 ns. The beam divergence is 1-2
mrads and the repetition rate 2 ppm. We also used a
Hewlett Packard, AH 5360A Computing Counter with a reso-
lution of 1 ns. As photosensitive unit we used a 931A
multiplier phototube at a distant of about 50 m. The
laser light incidents the photosensitive surface of the
tube through a 90° prism, of 4 mm diameter next, to which
a 6943 A filter was set.

Figure 1, gives the block- -diagram of the used system,
where we have used the START circuit of the laser system
and ‘as STOP pulse the one coming from the phototube.

Using the system’s amplifier we controlled the STOP pulse
to be of constant height 1 V, to avoid a correction from
pulse’s centroid. The threshold of the START pulse was

2 V and of the STOP pulse - 0,6 V.

We started lasing to the tube, centered at the beanms center,
and we supposed that these counter reading corresponds to
the system delay. In each experiment we measured this
system delay at least three times and the standard devi~
ation of the mean was about ©.5185. Then we moved the laser
mount according to a matrix. In order to find the wave-
frontiistructure we subtracted the counter reading of the
points of the matrix from the system delay.

Figure 2, shows the results from the experiment # 3
/see Table 1/ and two sections of the beam. The matrix was
5x5 with space interval 0°, 100 on the mount., At the end

of'th@féﬁperimeﬁt“we“also measured'a'matrix“3x3'w;tﬁ'““

(,4_



run more experiments and we sow again the same peaks and,
in general that the wavefront structure is repreoducable.
The standard deviation of the mean counter reading in
each point was of the order of l‘ns.

As a conclusion we can say that this way of measure-
ment of the beam wavefront structure can give the wave-
front distortions of the laser beam. The accuracy of
these measurements is very good for laser units, like
the examined one, which shows a strong wavefront patern.
For more accurate measurements, care will have to be
taken for the cables the tube responses and maybe correct-
ion from the centroid.

The study of the wavefront distortions will give
explanations on the spreading of counter reading for the
case of ground targets /especially prisms/ and will
improve the satellite ranging accuracy if we know the
position of the satellite at the instant of laser range

- ' measurements.
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TABLE 1

RESULTS FROM THE WAVEFRONT'S STRUCTURE EXPERIMENTS
%

¥ 3 # 4 #5 #6
Space hetween-points
Points (0°.100) (0°.100) (0. 100) (0°.025)
a/a
HMean a. Gain Mean 9 Gain  Mean % Gain Mean % Ga
ns ns dh ns ns db ns ns db ns ns d
1 -21.2 0.51 32 —=21.4 0.65 31 ~15.6  0.31 2.
2 -22.2 0.80 30 -29.0 1,25 25 . ~-13.4 0.4 2.
3 ~-17.6 0,39 26 -17.7 1.29 23 ~3.0 i.64 2
. 4 ~-23.8 0.4 27 -26.5 0.3 28 ) -14,2 0,80 2
5 -21.7 0.27 31 -26.5 0.73 30 ‘ -17.2  D.65 2
& -2v.7 0.70 20 -26.5 1,72 27 -13.2 1.50 2:
7 -19.4 0.58 23 ~21.8 1.46 24 -23.9 2.19 21 ~9.7 1,05 21
8 -18.5 1.20 i7 ~15,1 1,02 19 ~-18.0 0.74 19 +12.6 1.05 21
g -21.6 0.69 22 ~24.7 2.12 21 ~19.2 0.87 22 ~-14.4 0.45 2L
0 -22.2 0.85 30 -30.0 1,92 -27 -15.2 0,70 2z
T ~20.7 0.52 26 -26.4 0.41 26 . o . -13.3 1.97 2=
12 -14.3 060 21 ~22.0 1.23 19 -20.8 0.22 1¢ -13.5  0.75 1f
13 0 0.41 8 0 0.46 8 0 "0.95 10 0 0.70 1€
i4 -14.4 0.70 21 -23.3 1.40 12 -18.4 0.49 19 - .3 1,58 23
15 -21.8 0,94 26 -28.1 2.04 26 -13.5  0.70 24
16 -13.0 (.76 20 -30.7 1,04 27 -13.6 0,81 24
17 -18.0 1,06 23 -21.4 0.9%0 22 =23;7 1.27 22 -10.3 0,99 23
18 - 3,9 0,62 14 -11.2 0.86 19 «i1.3 1.42 19 + 6.4 1.08 21
19 -18.5 0.63 22 ~22.6 0,89 22 =22.% 1,10 22 - 9.5 (.95 22
20 -18.5 0.83 30 ~27.4 1,19 27 -15.5 0.45 23
Z1 ~23.5 1,19 32 -25.2 0.8p6 32 -17.0  0.63 23
27 -20.0 1,13 20 ~28.,2 0,57 29 -13.6 0,34 22
23 =20, 0,77 26 «27.2 1,08 26 - 4,6 1.51 22
24 -22,9 0,80 peda) «27.8 2,08 A0 -10.7  0.72 23
25 «25.5 0.98 4 ~33,9 1,74 %3 -18.6 13 24
26 ~12.2 0.54 19 ~-15.8 1,10 19 '
27 + 2.1 0.82 18 ~- 1.0 0.13 17
28 -10.5 0.58 20 ~14.4 0,55 20
Z9 - 8.0 0.77 20 . - 9,5 1,47 20
30 - 8.8 0,54 19 -13.8 0,58 19
31 -13.1 0,69 20 -14.6 0,70 20
32 + 5.3 0.89 i8 + 4.1 0,59 19
33 -10.6 0.5 20 -11.8 1,55 20

10 meas.per point = 4 meas.per polnt. .. 4 meas.per polnt 4 meas.per point
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In this paper the cuthors deseribe the final plans for the
realicvation of o Lager telemetry station, which is now inan ini-
tial stase of construction,

The Uptical-beehnanical Ovsten

~Mount: modificd COHTRAVED BOTS-R Cinetheodolite, 15 pointing ac-
curacy; maximum velocity 3573, minimum velocity dﬁOQ/s, masximum
acceleration 62&3ﬂ

-Tracking: manual by Jjoy=stick, ronltoring the satellite by a clo=~
sed circult television camera {Magneti Marelli OT T 5/1)
~Transmitter optic: 12 cp § Md]iiﬂaﬁ telescope, 8z
~Transmitier bcamwi&ﬁh: fx?C + 3x107 =3 rad.

-lecelver optic: 50 cnm # Cassegrain telescone, 1:2.% paraboelic pri-
mary mirror_(ﬂuzan_EQSQﬂnggla 55 type) 4% hy 'perbolic secondary,
£.f.1. 500 om

~teceiver beamsidti: “x10™%s x> rad. by variable field diaphrasm

~fracking telescope: 20 em @ 1 aksutov-ewtonian te elescope, 1:3 pri-
nary mirror, giving a visual angle of 2.5 on 1 inch vidicon

-Interference Tilter: 7 to 10 4 bandwith, %0 to 557 peak transmission
(ORIEL or BALAERS), working in perallel light

he laser
~2uby EURAD LALLRG:
-itultinode oscillator stage KA50PTHM (Pulse Trangmission Mode) which
can supply pulses of 250 nwl in 4 ns with, 60 ppnm
—amplifier stagze capable of raising the pulse energy to 750 mJ,
60 ppm, thus giving an instantaneous power of about 150-200 M.
at 3 mrad. FAHR

N The Blectroniecs (sge ihe blopk*ﬁlagram)__;j”'. o
‘”*FhOtOMU£Llp11GF: HCA :

s reooiution
~Time base Alowic Og Master Clook (OSCILLGQUARYE B 5000) Q;J i
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-Constant {roction diseriminator

-Printer: H.P. model 5055 or S0DECO model PS

-Visualization of the angular position of the telemeter on two coune
ters of the up-down type with solid state display controlled by

two incremental encoders of the optical-elestronic type, giving
4,000 pulses per revolution (C.O0.M.T. Company of Milan)-
-Oscilloscope: TEKTRONIX 7000 Serie

With this set-up and with a precise calibration of the statio

on targeis as a funetion of echo height, we should expect a standard

deviation of less than 20 cm for an "average" passage of a "typical

asateilite,

¥ Istituto di Astronomia, Universitd di Cagliari, ITALY

*¥ Stazione Astronomica Internazionale di Latitudine, Cagliari-

Carloforte, TTALY
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The Inotiunent

The ucva}opxcnt carried out at the Central Earth Phyasicg
Institute in Potodum had the aim of extending the already
avallable satellite camera S5C mude by VEE Carl Zeisgss Jena
in such a way that besides the determination of angulor
positions, sntellite ranges can also be found with the aid
of a laser attachument. For thig, the SBG was equipped with
an additional hingoed mirror which iz swung into the ra ay path
during rangzing, Thereby it is possible to have gz rapid
changeover between the two types of obgervation, so that
in the course of a single passasge both photographic and

»

laser observations can be carried out,

The technical parameters of the instrument are typical
for first~generalion syetems. Details of the instrument are
“
published elgewhere /1/,

Transmitter

Output 1 to 24
Pulse duration 15 o 25 ng
Repetition-freauency max, 0,1 Hz
Angular aperturc 1 to 37
Receiver
Effective aperture 320 num dia,
ield of view T %o 107
'ilter AX= 1 nm, T = 5¢ <
Photomultinlier S~20, 2 ns
- ATAE C 31000 A
Courter roselution 10 e
SLSE Ny e
R T T o se Y ite ey & Tl

+
f
=
l
-




-3 -

the lager calellites are very faintl, vigible with our
gulding telegeope, This and unsufficient training of the
observers have led to a low number of observations so far,
Ranges from 20 satellite passages were obtained, with up
0 32 echos pep batsage. The largest leasured range of
GEOS 4 was 2,8 Im,

The used photomultiplier generates a relative large rate
of dark pulses with higher amplitudes, So the threshold of
the discriminator has to be get to 15 electron equivalents
for a gate time of 5 ms. To increase the effectivity of the
systern, we want to replace the miltiplier and to improve
the guiding systen,

Ransing eprop

Analysis of +he Tirst range measurements by the short arc
method led to standard deviations between 0,8 and. 1,2 m /2/,
It is assumed that thig random errors are primarily due to
variations in signal amplitude ang shape and to counter reso-
lution, Simple statistical analysis showed that the mean
standard deviation produced by the limited counter regolution
is CV(E: where Uis the counter resolution, Therefore one
would expect fov 10 08 resolution a gtandard deviation of 4 ne
corresponding to 0,6 my, if other sources of error are absent,
Using the well known relation for the resulting standard de—
viation 6. __
restrictions, it ig seen that in our cage the contribution
of the other error Sources ranges fronm 0,5 m to 1,1 m,

p
= 3% + GQ)/2, which is applicable with some

To study the influence of the signal amplitude we made
range measurements to a small retroreflector prism 2 km AWARY «

The gignal amplitude was varied by glass filterg in front of
the receiver, Since we used a simple leading ecdpe discrimi- i
hator, the measured range shift ig.n@arly‘Prbparfidﬁal'fo”the"%
- logarithm of the sj l”amplitgd@?m_,i,m. o o o

- 5;;?mﬁ&%ﬁxﬁfﬁﬂ e ”Tﬁu 5 '
FHat s tentora signal increas:
shortens the travel time by 7 ns corresponding to 1 m, Thisg ;

-

f}S’
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value may depend on the laser adjustment ang the concentrge
tion of the Q~switeh~solutionv If it g afounmed, that the
mean girnnl arplitude fron the satellite ts different from
the calibration level by two ordersg of Magnitude, an addi-
tional Systematic appop of 2 m would result,

Recently wa replaced the simple trigger by constont fraction
detector developed in our laboratory. This circuit reduced
the shift o less than 3 ns within the dynamic range of 20 4n,
For very hiigh slgnal amplitudes g Positive ghirt up to 10 ng
per 10 dE hasg been Observed, which is presunedly due +o over-

load,
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COMPUTER SIMULATION Op PULSE CENTROID CORRECTION

PROCEDURE

K. Hamal, M, Vrbhovyg

Correction Procedure is done. The computer was used to

and to fulfil the analog Centroid Correction Procedure /1/,

T
I'Ite) ae ,

-0

L}

Al(T)

J I(t) gt ,

T

1t

A2(T3

AI(T) - Az(T)
F(r) = > <=~1, +1> ,
Al(?) + Az(r)

Fig. 1 shows us three randonp realizations Ir(t} of photo-
current I(t) for three different Signal levels. p is number
of photoelectrons detected, IO is the ensemble average k
<L.(t)> and it ig Proportional to instantaneous light
intensity. Fr(r), FO(T) denote the functions appropriate
to Ir(t), Io(t) Tespectively. The center of light pulse

is definedqd by equation FO(TO) = 0,

In the case when pulse center T, is numerically
obtained the equality F.lt,) = 0 is Batisfied, The random
value (r - TQ3HF?PF3$¢n§ingﬁQE'thE-errbr-of this correc-
ftién'ié”tﬁe'distancggfmﬁhgm_

8 O e s
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The analog pulse centroid correction needs the stop
time Tg and the value Fr(rs) to be measured. FO(T) is
assumed to be known from callibrations or from pulse shape
measurements, The equality FO(Tl) = Fr(rs) enables us to
obtain the correction 1+ The error 41 of this measurement

in Table 1.

Table 1. Theoretical limit of accuracy

Number of photo- 3 2

electrons per shot 1o 1o 10
Accuracy of

adaptive threshold £ 1.3 * 3.3 £ 7
correction /nsec/ '

Accuracy of analog

centroid correction * 0.4 + 1.5 7

/nsec/

corrections apre the same as far as the measured valuye
. <
[Fr(rs)[ s 0.8, "

Literature
/l/ H.H. Plotkin, T.83, Johnson, p.o, Minott: Progress in
Laser Ranging to Satellites: Achievements ang Plans,
Proceedings of the International Symposium on the Use
of Artificial Satellites for Geodesy and. Geodynamics- _
~'held in Athens May 14-21, 1973, Sponsoreq by 1ac 4 |
..Cosp By George Wem g ey B Ty
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coabeTlibe Ranvine Station at Kootwijk ( Hollund )

¢

Huiborg Delft
Adrisan Dockoer } Delft University of T.chnology

AL11Lews . Havens } Institute of Applicd Physics

Franklin W, Zecman dorking group for Satellte geodesy

VHEASURING SYSTRM Sup-yp

Detection PUT @ ROA model 8852 (ERMA IIT pvhotocathode)
Uptical filtera: bandwidths: 5 R , 108, 100 &8, 500 &
Progrommable attenuntor: 0 - 6% dB, atteruation predicted

N paper- Lhpe, Manual correction has been provided,

Amplifice: amplification 20 dB, risetime 0.8 ns.

Range »ate renesrator and Lpoch clock: SAG design.,

Time interval counter: Hewlett-Packard model 5360 A with

time intorval plus-in H 01-5379 A,

Laser control unit: vroduces CHARGE and FIRZ trigper sipnals
for the iasger system. The laser can bhe fired at  any predicted
time on full seconds. Wanual correction of the firing epoch
with =5.999 4o +3,09 seconds has been provided,

Station cloci: Hewlett-packard 50654 Rubidium time standard.
Continucucs freguency monitoring by means of VLE phase comparison
against HSF, Ruzby, 60 kKHe ( receiver TRACON model 8Y0A) .

Time coriparison against Netherlands national time standard
(V3%, The Hague) using TV sync. pulse technique,

Timing accuracy: within 5 ps of UTC,

2 TRANSHITTPING AD RECEIVING TrRLESCOPs

A sketch of the intesrated receiving and transmitting telescope
and the mount itself ig shown in figure 1. The transmitting telco-
cope ix ol o refracting coudd design and the recelving telescope
is a partial coudd lesign (optieal path passes through the eclevo-
tion axis) with o catadioptric (lens-mirror) optical train. Uhe
transmitsing telescope is located where the second reflector is
usually positioned in the nore conventional cassegrain reflecting
telescope. Hotice that by folding the receiving telescope back
on-itlselil and placin: the brancmitting Ledlescope concentric to

the recelvin- telescope, the gize of the complete optical systen
has been sirnificantly reduced, The transmitted laserp beam will
have a baam dismeter of 200 mm and the divergence will be ad just-
able from 1 to 20 are minutes., The aperture of the recelving
telescope will be 500 mm and the field of view will be adjustable
from 0.5 to 20 are minutes. The mount angular position will be
rcad ovutl using absolute optical shaft encoders, The mount control
unit comonarcs Lhe aetunl peagition with the desired position given
by the puaper tope reader. The eprore Slgmal generated will then

be used. to.dedve ﬁh@_DC_ﬁerVO_moLor;.An?ahSOIQte~pointiﬁﬁ'error"
of less than 20 are seconds 1o expreted, :

% A
tondItiplier, In
TOr

11

TUCoY st o the pho
posaible. .t AT S Y G A o o 6 i G SN

ey ST scéond time intorval counter,

A pousivility for viosual trackin: Las been provided by directing

the Tighl with wavelengths < 600 nu te an eyeplece,

Y




3 LASER SYSTEH

Specifications

_E}ic&l 11a}n

\(}{l

Oscillater
Amplifier |
Amplifier 2
Output Mirror

Q-Switch
Q-Switch Polarizers

Rear Mirrors

Cavity Configuration

Electro-optical Shutter

OQutput Polarization

Oscillator Power Monitor

Amplifier | Energy Mounitor

Amplifier 2 Power Monitor

Performance Chavacteristics

{Aipollo,

Wavelength
Linewidth

Output Enerpy:
4 ns shuttered mode
20 ns (Q~switched mode
Long pulse wmode

Beam Divergence

Output Stability

USA)

3/8" x 6" AR coatcd ruby

172" x 6" AR coated ruby

5/8" x 6" AR coated ruby

3/4" x 1/8" 0° sapphire etalon

0,45 "clear aperture, *p
Pockals cell, fluid immersed
Two Brewster plate stacks,
five plates per stack
100% dielectric-coated, 1" diameter
Flat-flat, 26" mirror

separation, pulse-on switching
0,45"aperture, KD*P Pockels

cell with dielectric polarizer.
Transverse laser—triggered spark

gap switch with coaxial trans—

mission line pulse’
networlk.

forming

Plane of polarization perpen-
dicular to mounting plane of
optical train

ITT F4GO0 biplanar photodiode,
8~1 surface

10 mm PIN silicon photodiode,
UDT Type PINIOD

Same as osclllator monitor

6943 8
0,3 2 fuhm

3 joules
10 joules
15 joules

3 mrad between half energy
points 5/8" maximum diameter

+.20%7 withinione mioute
+ 10/ thhin f;va minutes
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safety problems that arises whoen operating a
laser rangzing station is the possibility of eye damage

to airplane passcngers. To reduce this danger an aircrafe
detection system is being developed which will automati-
cally disable the laser if an aircraft approaches the
laser firing angle. The optical airerafr detection systenm
shown in figure 5 will be usced to perform this function.
During the day a spall field of view (5 are minutes dig-
meter} is scanned around the axis of the laser beam

(} degree off axis from the lascr beam). If the constant
signal level fronm the homogencous background of the blue
sky is interrupted by an airplane, the AC coupled photo-
multiplicr signal can then be used to disable the laser.

During the night the system will detect the running lights
of the airplane itself (red and green lights at the wing
tips and at the tail a white light),

In the focal plane of the objective, the off axis pinhole
is replaced by a pattern of transparent rings with a
width of about one minute of arc,

When an airplane light passes a ring the AC coupled
photomultiplier will give an electrical pulse. The field
of view of the system that corresponds to the total area
of the rings is so small that an acceptable false alarm
rate caused by the star background is anticipated,

The aircraft detection system is under test now. The first
results especially of the daylight system are promising.
Testing of the night system is difficult during the suminer,
due to the lack of airplanes during the few hours of
darkness,

CencLUsION

The two major requirements for this system vere firg
-that the station bhe & decond peneration System capable
of making sincle rangling moasuremonts with anoaccuracy
of better thon 0.15 m and second that in the interest
of desisn ceonomy the Station would be patterned alter
the operatin: 340 stationa,
“he complete system will be ready for test-operation
by the end of 1975,

Beagldes this the system should uloo be able to Llhaminate
satellites in order to perform dlternatively rénge wand
direction Roasurenents iﬁ_qenjunctipn_gitb_th@_axlgting
wnt., 0 -

camera equl pe
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LONG DISTANCLS VEASUREEENT ELECTRONIC SYSTEN
P, Hiril, V1. Krajidek, M. Pfeifer

Facultiy of Nuclear Science and Fhysical Engincering

Prague, Cocchoslovakia

If éistances up to 5.10° Im are to be measured with accu-
recy better then 15 em there 1s necessery to use a clock vwith
short term stability better then 3.10"1C« Thig claim could be
satisfied by & good crystal oscillator.

Our electronic device allows the bind to the absclute time
/UTC/ vetter then 1 us, the accuracy of messured time intervals
<1l ns with resolution % 0,23 n=s.

Measured data represent the instants of start - stop pulses;
start pulsc Yrom the laser and stop pulses from returns.
Keasured data gre fed in o computer,or other installecd hardware,
to compute the time intervals.

The 5 MHz signal from the crystal oscillator iz translated
to 10 HHz square wave and counted by a synchronocus counter.
Date from the counter are fed in a shift register at the noments
of start sznd stop pulses. After coming the stated serles of
~pulses, one start pulse and three stop pulses, the data from
the register, including the data from time expanders, are fed
in the computer. Because ot least two cut of three stop pulses
ere supposed te. be noise pulses the computer program must be
able to reccgnize the right returns.

The transcription of measured data from the register is
controled by a device programsble from a keybord, computer
or punched paper tepe/Fig.6./. The date trascription can be
made to an indivicual hardware device /mapretic tape recorder,
paper tepe puncher, printer or computer/ or to some of them
simultaneously. Numerical display used for optical checking
of applied program or of measured dats makes the part of
this device.

The basic .period. of the clock pulses is 200 ne. This
interval is divided by time expanders up toe 0,1 ne.

The expander 1s stretching the intervals between etart or
stop pulses and the next in time clock pulses/Figelef Ag to dimi-
nish difficulties with mechanical constructicn there ie used
special system of automatic calibraticn. This is very useful
because there is no need in using thermal stebilization of
expanders, vwhich is used for examle in the counter Hewlett -

R P TE : ’
operation of expanders. Tn the first cyele of operstion sae

from the expanders is started by a start for stop/ pulse and
setopped by the second next in time cloeck pulse. The aphﬁﬁved

Fe)



value stretched in the expander is counted up by an up - down
counter. In the saconc cycle of operation instead of start

/ or etop/ pulse there is fed in s cloeck pulsz through the
start / stop / signal path and the expander is ctoried erd
stepped by tve neichhour clock puloes. The interval measuread
must be 200 no and its utretched value ig counted down by

tlhe sama up - down counter. Because all gignales are going
through the zame signal path the resultant preccision is
quite high. The operation of an expznisr ic chown on Fig.2.

The expander is started at the moment t and stopped by

* the second next clock pulse at the moment
ty + d
where ¢ is delmy of the stop pulse coming through different
way. The stretchied interval in the first cycle of operation
ie then k (ty- t+a)zuwN, T,

wvhere Ny ie the number of clock pulses inside the stretceled
interval
T, is the period of clock pulses.
The interval tH -~ t + d is chosen greater than Tge

Tne second cycle is started after the end of interval FyT
This time the expander is started by a-clock pulse at the mo-
ment. - _ - * HLH Pl )

ty + W Tg
ant stopped at the moment
tH-I-d'I*{Ni-l)TQ
vhere X > N,.
This second Intervel is stretchec by the sawmue nay z2s in the
first cycle of ogperation.

By the assumption the interval between both cyeleis i® short
encugh to hold the same conditions for expander function that
nmeans

k = const, d = const,
the stretched interval in the scoond cycle of operation is
k {ty+ (W 1) Ty +d- (ty+ X1y = k (Tg + d) = Ny T
The difference of both stretched intervals is

T R E T R L O s SR -0 S . SRR B 8 (MR SR, (I

Lo Thet mepne A

ofdelays. The d
COURLer.,

mode et oherat

de of cperstion eliminates:the dnflusnce::
ifferenes Ny - O

In this mode of operation there is necessary to control
only one cf parametere, the parameter X, by means of a special
feedbaclk clreult. The number of exrpanders is chosen for one

&)



greater then needed in voth groups of pulses and all the time
one of eacn proup i calivreted alternstively. In the time
thic expander 1z celivbrated It is started by o cloek pulee

in tke firet cycle of operation too as in the second cycle.
Thew 1t ls stopped after two periods of c¢lock pulses by means
of the path vwith delay d. The stretched interval will have
the lenpth

Ny T, = k (2T, + d).

1l ‘o e
The second cycle of operation is the same as above. lts
stretcehed length will be
+ d).

Ny T = k (T

O o}

The difference of both expessions
!
(¥y - Fp) To = k T,
thalt means Hi - Mo is the zctusl value of the parameter k.
If there ie no agreement between the actual value and requi-

red value of k the fredback calibration is led in zection and
sone ¢of parametrs of the expander are changed to get

Ny - Ny = k.

The bleock diagram of the whole device is ¢n Fig.3. The block
diagrams of start and stop pulses are on Fir.4. resp. Fig.5.
The selected value of the parameler k is

k = 1000 .

The time intervel resclution of the system is 0,1 ns,
with jitter of expanders % 0,3 ns and accuracy of time
interval < 1 ns.
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A Schematic of the Australian Lunor Ronger

P. lforgan
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INTLRKOSHOS SATELLITL FOR LASER RANGING,

— . +
i‘&‘f{:l Lff“]f;iiu /o

ABSTRACT
ta of the INTERKCSKOS satellite AUOS-2

st K sstellite ensbles laser ranging, sre presented,

a , that as
the fir
The satellite orbital data, the description of ihe o rner
cubes panel, the brier explanstion of the technical soluticn
as well as the preliminsry satellite technical parameters are
summarized. The paremeters depending on the fi.sl technical
realization /like +he transfer function/ are onitied and will
e supplied in the report that is prepared for COSPAR Plenary
Meeting 1976,

T R e s gt o o

.l»-/
Ing. Pavel HAVARA

Azlronomicnl ingtitute
Czechoslovak Ac, of Sclences,

251 65 CHNEREJOV,
Ondre jov Cbucivatory,

Czechoslovukin,




THE SATELLIT® LASER RADAR WITH IMPROVED PARAMETERS.

L S B i e 3 S e i b e e A W e ki o o e A B0 T B e o e o

P. NAVARA, Astronomical Inst. Czech. Ac. of Sciences.

SHORT PRELIMINARY INFORMATION:

The satellite laser radar with the improved technical para-
meters /compared with Interkosmos laser radars in the action
now/ will be complected on Ondre jov Obgervatory at the end of
this year. We suppose the following technical parameters / the
cross marks the reallzed instruments till now/.

TR&&SMITTER+/one 8tage ruby laser/: Faculty of Nuc. Physa. Prod.

Cutput power
Pulge length

Repstition rate

Output beam divergencs

A 100 MW
== 15 nsgeac

60 ppsec
0.5 + 1 mrad /first version/¥+
0.1 mrad /second version/

RECEIVER /Cassegrain - Mangin§/+: Astronom. Inst. Prod.

Diameter
Filter

PMT

Field of view

630 mm
HEW = 1 R T 207
RCA C 31 000 /ERMA/.
0.1 mrad /according to tests/

MOUNT /two axes/ : Skoda Plzen Prod,

Pointing accuracy
Axesa step
Jtepping moboy
Tracking

ELECTROJICS:

Time tase
IInivereal counter
Absolute timse

5 arc sec
10 arc sac
1.5 deg/atep, atep accuracy 0.5 dﬁg:ﬁ
punched tape /first step/ -} "
minicomputer /second step/

5 psec
1 nasec /aut. addaptive thr, leVal/'+
0.1 usec /?V‘coﬁparision with OMA osc{/f

. Pangs gata " programmable
i NEWIBT Lo, Manchithe dccuracy better - thet 0:5 i and tha aetisn =
paﬂiuﬂduring’tn&a@aﬂnﬁgt@prﬁ&liﬁatiw},@Qgé%ﬁm‘ 25 S
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A ROVEL CENTIMLITER ACCURACY , SUBNANOSECOND DOUBLE~PULSE
SATELLITE LASER RANGING METHOD

Matti V. Paunonen

All current laser ranging systems are using single pulses.
In this case discrimination against noise pulses is not very
effective, and therefore for reliable detection a considerable
number of return photoelectrons are needed. The use of multiple
laser pulses to discriminate against background /1/ or to get
greater accuracy or efficiency /2/ is known, but perhaps for
technical reasons not used.

The proposed ranging nmethod is based on the use of a precise
double-pulse., In the detection process two signal pulses are needed,
single or multiple photoelectrons, with known spacing, figz. 1 ,

SIGNAL

NOISE .

TRANSMITTED DOURLE-
LASER PULSE

SINGLE PIOT)-

- 4 [ ELECTRON LEVEL
T LT
- v N o TIMET T
~ RANGEVOATE
S Fig.l. Double~pulse ranging method

The advantages of thisg system are: a) Automatice discrimination of
background to a high degree. It is rare that during night time thare
. appears two noise pulses with short spacing, say 5 ns, b) Effective
received energyv is increased without having to increase the trang-
nitter power. The basic time resolution is better with two pulses
than with only one. ¢) Detection is extended to a single photo-
. electron level,

The securate double~pulse Zenération can be accomplinhed by
slicing a Q-switched pulse or isolating twn ad Jacent mode-lncked
pulses.In this proposal slicing is preferred ffor the follnwing
reasons; a) Roth Geswitching and slicin methods are well proved
b) Pulse length is easily ad justable, ¢ Relatively eanay to acecompliash
d) Pulse quality is good. e) Well-oulted for the douhle~pulse metliod,
£) The same system can be uUsed norunlly Q-switehed op sliced at will.
The shortening of tle diffraction limited w=switched pulse can be
accouplished by a fast 50 obm Pockels cell electro-optical shutter.
driven by a laser trizagered spark 2ap. A short pulse can be obtained
by pulsing the Pockela cell With~a-Shﬁrt_Vﬁfﬁépulge,'whﬁhéggmﬁﬁéJ
“double pulse formation nNeeds two tinies Va/o=voltage. There are also
three Posﬁiblﬁmggﬂxatiaé,&Oﬁﬁakwitﬁa%hiaw.Eﬁﬁﬁﬁﬁ:ﬁ@g&@;xﬁh&&@%&@iﬁ@&#ﬁ

iﬂ?ﬁ?éﬁiﬁfﬁﬁ?ﬁ?éﬁéﬁ“sf’themsateili%ﬂdhé?ﬁ?e__

iths”meQmmﬁmaii}%lyM&M&M%Pﬁmmm

blain at Teast 0,% ... 1 ns pulse widths.

The rccéiving'method is straightforward and simple. Two photo-
multiplier pulses,conprising single or multiple photoelectrons,

¥




Q~SWITCHED PULSH

SLICED PULSE

DOURBLE-PULSE

Fig.2. Operational modes of the system

separated in time by T, are needed for detection. The pulse sequence
is detected, and using a simple delay line both the pulses are
linearly multiplexed and processed e.2. in a CFD-discriminator to

take care of pulse height variations. iodern PMTs have single-
electron transit time spread about 3730 ps or less. Pogsible electironic
resolution seems to be some tens of picoseconds in a dynamic range

of 1:200. Alse modern interpolating range counters give a resolution
nf better than 120 ps. The total receiving resolution is near 3900 ps
{#)IT1) in this case. '

If o 1 ns bell-shaped pulse is supposed, the standard deviation
of the the double-pulse system might be 5 cm in a single measurement
even at minimal conditions, i.e. one photoelectron in both the sub-
pulses.

Also the use of closely rectangular pulses, say 5 ns long , is
interesting. It has been shown/3/ that the mininum-square-error
with rectanzular pulses decreases quadratically as the photoslectiron
number. Alsn the tining method is worth noticing: the optimunm
estimate for time measurement is the mean value of the first and
laat photoelectron pulse.

References:
/1/ S.Ackerman, T.S.Morrison, and R.L.I14FF: A programmed multi-
pulse range measurement system. Appl.Opt. 6(1967)32353.

/2/ I.Dar-David: Conmunication under the Poisson regime. IEER T,
Inf. Theory IT-15(1969)31. '

/3/ I.Rar-David: iiininun-pean-square error estimation af photon
pulse delay. IEEE T, Inf. Theory IT-21(1975)326.

The sauthor is with

81 AUniveralty
Raddn.Laboratory. .
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RELIABILITY AND LASER HAZARDS
Michael Pearlman

This scssion concentrated on the issue of aircraft
safety. The general concensus ot the attendees was that
most attention should be devoted to our interaction with
local authorities, since current laser exposure standards
for the eye are extremely conservative and, in general,
authorities appear to be overreacting to the situation.

Representatives from each group currently operating or
planning to operéte laser ranging systems were asked to
discuss their programs for aircraft safety.

Many of the groups have agreements with local agencies
for restricted air space based on location ang schedule.
Most of the groups reporting use spotters, either direct
visual or with T.V. Several groups had performed analyses
to show_the extreme remoteness of an aircraft being
struck by a laser beam.

Dr. F. Zeeman from the Netherlands described an
optical scanning system that his group is building to
detect aircraft in the vanicity of the laser beam during
both daytime and nighttime conditions. Dr. P. Morgan
from Australia discussed a precursor pulsing system using
a small laser to check the bean direction before his
lunar ranging system is fired,.

The attendees agreed that we should make literature
on eye safety readily available. Each member was
requested to send pertinent material or biographies
to Dr. M. Pearlman of the Smithsonian Astrophysical

Observatory who will distribute copies to requesting

individuals.




Piet Py TRLESOORE OF CPHE LASHI STATION AT AIMME!
M. Schilver, W. Lithy
retronomical Institute, University of Berne
, -
5

o new telesoone system for laser satellite

telemebry, wced on a biaxial horizontal

mounting, heon constructed for the

Zimmerwald rrononical observatory. The

system 1g arakterized by using the main

svirror simultancously in the receiver and

the sighting telescope. The sighting tele-

scope 1s eqguipped with a TV system desioned

to allow ob vation of objects of a magni-

tude up to
In the domain of satellite telemetry by means of laser
radar svstems optical components are use od for trang-
mitting and receiving the laser pulses, These ophical
compmonaents have to be mounted in a way to permit the
tracking of a satcllite. Up to now such RO bilities
have npot peen avallable at Zimmerwald. The efore, a new
laser telescope has been designed for this laser station.
The instrument hos been constructed at the aAgtronomical
Institote of the Uaiversity of Berne. The mechanical
Tonponents have boeen completed and the optical com~
poients, the mails mirvror and several lenses, are pre-
sent iy under construction.
The laser telescope is mounted horizentally, the two
axes being horizontal and vertical respectively. The
two anes are. Qll\vﬂ by a ste pplqo motcr each permitting

snvular rgsaiutaau oi

'}

i~ .

an

7

ald 0! two potontiometers while observing the sateliite
in rhe sighting tolescope 9:5’



s

The mounting carries the optical »d clocto cical
components of the sighting teleoso oe, the rocolver

of the laser tolemetor and thoe transmitrtor optics,

The lascr cubtput is guided to the 0 ooamit o - anptiog
{ 1:% beam cxpander § by means of udc cd
system, ‘The mechanical construc ©okh o

and sighting part of the telescope i mads o al
glued aluminium tubing and sheet metal for good
stability and light weight. A schematic viow of

the whele instrument is given in Figurs 1 .

Fig. 1. The Zimmerwald

laser trackind

telescope.

1: beam expander

: TV camera

2
3: photeomualtiplier
4: main mirvror

3 5-8: lenses

The telescope for receiving the retroreflected laseor

light is a modified Cassegrain-type instrument. The

spherical main mirror (4} has a dlameter of 52,5 centi-

317 5 E o m

lenses (5-7)
facing the main mirver has a diel -tric cooing [or

optimum refllectance at the lascr avelend!
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The resulting focal lenqgth of the systen at this
wavelength is 3 wmeters. This focal length 15 oanlarged

up to 4.5 meters with a Barlow lonse (8). Dubsegquently,

- the laser light passes a mechanical shutter, intor-
%
ference filter and Fabry lense aflter which it is do-
tected by an RCA 7265 photomultiplier (3}.
The sighting telescope views the sky in tho light
transmitted through the dielectrical mirror (5}).

Three correcting lenses {53-7}) assure good image
gquality on the cathode of the TV camera (2. The

most important advantage of the optical system des-
cribed above is the large entrance diameter of the
sighting telescope. It makes it possible te use a .
TV camera of relatively low sensitivity and therefore

low cost.

A Grundig FA 42 S camera is used in the sighting
telescope. The field of view covers an arca of

33 x 44 minutes of arc with a focal length of one
meter. The resolution is 3.2 % 105 points in the
picture plane corresponding to a bandwith of 8 mega-
cycles. The TV system is designed for observation of
objects up to a magnitude of 9.5 if the object does
not move in the picture plane. The visibility of
obijects passing the field of view in a time interval

of one second is reduced to magnitudes of about 8.

4

,,,,,,,,,,,,,,,,,,,,,,,,, We would like to thank Messrs S. Rothiisberger and
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FUTURE PLANS: A MOBILE LUNAR LASER STATION

. The University of Texas has been involved for some time in
the design of a transportable lunar laser ranging station. It
is hoped to start construction on this system in the near future
so that it may be used for validation tests in late 1977. Table
1 presents the basic specifications for this system as they are
currently envisioned. Figures 1, 2 and 3 are largely self-ex-
planatory and we present them without further comment.

E. C. Silverberg
Fort Davis, Texas
July 21, 1975




I,

V.

VI.
VIiE,

VITI,

Table 1

Basic Specifications of the University of Texas

Mobile Lunar Laser Station

Telescope

A, Aperture: 0.8 single transmitting, recciving, and
guiding aperature

B. Configuration: alt-alt, symmetric yoke or cradle
mount with fixed laser coude focus

€. VField of view: 30 arc minutes at the folded Casse-

grain guide focus and 14 arc seconds at the Coude focus

Laser
A. Type: [requency doubled, mode-locked neodymium system
B. Energy per pulse: 150 millijoules
Pulse width: approximately 200 picoseconds
. Repetition rate: 10 hert:z

F. Beam divergence: 1less than 10 times diffraction limit

‘Guiding: Computer biasing the telescope track rate via a

T. V. sensor which is offset to the edge of the moon.
Observer correction using the visual display of the image

is also available.

Detector

A. PMT: Ga-As photomultiplier

B. Spacial filter: approximately 6 arc seconds

C. Spectral filter: 3 angstrom, conventional interference
filter

Single shot uncertainty: approximately 0.7 nanoseconds
Calibration accuracy: better than 100 picoseconds

Accuracy: 3 centimeter ranging accuracy on the Apollo 15
corner reflector with less than 10 minutes of firing in

5 arc second seeing conditions.
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LENCOURAGING THE DUAL PURPOSE STATION:  AUTOMATED LUNAR GUIDING

by

E. C. Silverberg ,
Mcbonald Observatory
Fort Davis, Texas 79734

The Lageos satellite which is to be placed in orbit in 1976
will require the use of techniques which more nearly approach
lunar laser ranging than those used for the earlier low altitude
satellites. It is our contention that many of the ground sta-
tions designed for Lageos can, with minor modification, be also
capable of a program of lunar laser ranging. This note is to
encourage the development of dual purpose capability wherever
possible,.

A lunar laser ranging system will have a sufficient signal
to noise ratio, even at full moon, if the transmitted energy
exceeds approximately 50 millijoules per pulse. Since most sat-
ellite systems exceed this criterion very easily we shall con-
tinue. Our experience at McDonald Observatory indicates that
the return from the Apollo 15 corner reflector averages approx-
imately 6 photons per meter? per joule transmitted, under mod-
erately g¢ood seeing conditions, Using this empirical criteria
we can deduce that a system will have sufficient size to acquire
the Apollo 15 corner reflector if the product of its (aperture)
X (average power transmitted) x (receiver efficiency) exceeds a
certain minimum value, Including the beam divergence {8), we
get the following formula as an indication of the minimum size
laser ranging station which can successfully range the Apollo
15 lunar corner reflector,

ﬁjmz) < Plwatts) . e{%) s g3 mz-watts 4/ (arc sec)z‘
02 (arc sec) -
In other words, a 0.6 meter receiver with a 2% overall effj-
S ciency, operating in conjunction with a one watt (average power)
i transmitter, will just qualify as a potential lunar ranging sys:-
tem, if the transmitted beapn divergence is approximately 4 arc
sec,  Many future satellite ranging systems may qualify as
potential lunar ranging systems under these criteria. The one
major remaining question is whether or not the proper guiding
techniques can bhe developed to hold the narrow divergence heams
on the lunar target for a high percentage of the time. The rest
* of this short note is to preésent a mode of automatic guiding
which can make lunar rianging operationally similar to satellito
ranging and, we hope, cicourape the consideration of a number of
duﬁl.PUTPUS¢.Panging.installatians. e o oo
The techniques for guiding differ more
technical; it e i
8.

1an-in-an
AteTlite systems
done i

: B B G i s TEIty Lo recodnizc the proper
place at which to point the telescope, The satellite guiding, on
the other hand, is primarily automatic usimg precalculated posi-
tions., From an operational standpoint it is highly desirable if




the lunar guiding could be automated to the extent that extensive
personncl training is not required to locate z corner reflector
on the Tunar surface. The ideal solution would be to be able to
rely on absolute pointing. One or two arc second absolute point-
ing, however, is a very difficult engineering problem which has
not (to this investigator's knowledge) beconme routine on any
instrument of 0.5 meter size or larger. It is hoped that a sim-
pler system can be found which uses a closed loop optical feed-
back from some portion of the lunar image. Mchonald Observatory
is currently attempting to develop such a mode of operation both
for the Fort Davis installation as well as a proposed transpor-
table station.

The lunar surface is an exceedingly difficult object for
which to design any automatic guiding system. Since the char-
acteristics of any particular site change considerably from day
to day and from nDight to daylight ranging conditions, it is hard
to envision any but the most sophisticated systems using image
recognition on the surface itself. The lunar edge, on the other
hand, does have sufficient contrast to be discernable, even a
few days from new moon, and benefits further from the fact that
its simple shape can be recognized by a minimal computer program,

The geometry which we propose for an automatic guider is
shown in Figure 1, An area detector is aligned to some zero
location relative to the outgoing laser bean and then offset the
approximate distance from the corner reflector site from the edge
of the moon. The detector beam only covers about one square arc
minute of surface area such that arc sec quality resclution can
be obtained without necessitating a great deal of information
storage. At the edge of the moon the detector is automatically
positioned so that the limb bisects its area. The image is now
read intc a small computer which uses a least squares algorithm
to calculate the angle of the limb relative to the orientation
of the arrav (o). Knowing this angle, the geometry of your
instrument und. the lunar attitude at that time you can then
deduce the surface coordinates {Xi., Eta,.) for the point at
which the tangent line is parallel“to thk edge. Given the sur-
face coordinates of that point on the limb and Xi and Fta of the
target, it is then g simple matter to Calculate the relative off-
sets {Ax and Ay} which are required to place the center of field
at a corner reflector sjte,

While the hardware requirements for the scheme are relatively
simple, the calculation does require considerahle software, par-
ticularly for a small computer.  We have used a 37 x 32 array of
silicon diodes to create g Computer-readable image at the edge of
the moon. In order to simplify the software calculations we
will align the columns of the diode array to true North/South
and rotate the camera and X-Y stage at lunar rate. To date we
have completed the software for calculating Ax and Ay as a
function of X.., Eta. and 6, but have not vet checked out the

| @ithms tor measuring 0. The 3
ALCMERLEs: 1o ca]
edpe-which fiave are
CPETIITT RS WA E T Comp letely
: run within about two Yearsg in time to lead to
a truly operationally acceptable system for lunar laser ranging.

(e
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Preliminary Plan of tihe Farth Tstellite “rackin - Sintion

LY

at the Vizusawa latitude Cuservatory

Sigoturu Takari

L3
% The international latitnde Ubserviitory of
i zusawa
1. TIn consideration of the recent development of new tochnigues of .
observation in the field of eodynamics, the Mizusawa latituce Ovservatory

decided to make a plan to establish a satellite tracking station at or
near the Observatory.

Our works based on this tracking station will be ehieflly to promotie
investikations of the pole motion obinined from resulis of observation. .
independent of the astronometric method,

2.  Doppler Satellite Station.

We have started a test program of pole coordinate determination based on
the Doppler satellite observation since rebruary 1974, Ve are making-
studies on the pole motion by means of results obtained from the Doppler
satellite observations. We have two kinds of dnta , that is, pole coordi-
nates and the latitude and longitude at the Dopnler station.

A merit of Doppler satellite observations is in tha noint that we can

obtain regults of observation with accuracy of + 50 e¢m in all weather,

A new Toppler station are now wnder investipation sronsored by the Delense

4

Vapping Ageney of ‘W, 8y Ay We have an interition 16 sotils an up-to-date s
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3s  laser ganging Station,

In Japan, several Institutes and laboratories have - ‘ad the Lager
Rahging system for scientific and feodetic purnosa,

The acouracy of lLaser ranging is oxpected to be‘imﬁrﬂ"* Fo abinit 4 10 em
in the nesr future, After we attain this poal, we will be able o
develop our studies on the pole rotion with more accurate data based on
the satellite observation., It will be desireable for us to establish

8 laser ranging station near the Mizusawa Oboerva tory similtaneously

with the Doppler satellite ané astronomical observations. We have many
advices and informations on the Laser techniques fronm thg_?oqu__”

A'Asﬁrcnomicai Obéér#aﬁoxy;;.ﬁé ﬁ&#é”a fﬁture rlan of a Laser ranring station.

The laser tracking system will be almost the same with those of the Tokyo
Astrénomical Ubservatory, but we have an idea to replace Ruby laser
in the - emitter by a Nd:YAG laser,

3

4. Block Diagram of the emitter,

_ Data for Nd.Yas laser: by
AR “Wave lenpth - 0.53 rieron
second hirmonics of 1,06 micron)
Output enersy more than 200 mJ (TEMoo mode)
Pulse duration 5 na
Repeating frequency 10, pps ’ ¢

Bean divergency 0,5 mrad.
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Block Diagre
: :
Oncillavoer f?ockel Cells_i~m“ ‘jA:p1¢4;oy ) i -
%‘ HYAG lascr EQ’, switrl 16 - j\d YAS rod j CU0 T roeduced te o
Amplifier iim] . Téecond horronic s crator !
— . e .
Nd:1YAG | Rod l .67 [iot LiNiO, orye . 320~ 4605
efficicney 20~ 30 < )
-
e compared the returned signal from GEOS~C for emitters with Ruby-laser and
NA:YAG laser by the foumulae given in H. U, Plotkin's TADer,
o Pz"é’ré’,’e}\z? LS
(4133 RA~ Ruby laser Hd:YAG Laser
‘ - DB Valuve khitS Valpe
PT Power Transmitted G. 1 - 5,2 G.32J
. GT Transmitt er Gain 8l.1 @, = leGnd
GR Receiver Gain ' 127,1 DR“ O.5m o .
o -123,2 A= L6943 -130,7 A m 53
¥ Radar Cross Section

-y A 82.5 D.= 3.5 cm
TN NCH 270

(1/4n)° ~33,0 .
1/R% Range -238.7 R=9.27x10° m

Ly System Losses -11.1 Po=T.8¢ , ) '
Sy, Received Signal ~115.3 2.95x10" % L1208 5,2551071%;

N_Q-:: .:S\.E

- % Teentum Efficicncy = 17,0 Sl 200 o0
(7 Proton ®

X, G EOS-C Array =~ 0,05 N,
)

« § laser Technolory

i
i
i
i
i
H
i

The above data are taken from the paper "Plotkin, I

for Hi{’;h PFJ‘CISION Satellite TZ‘&Ckinﬁ.‘. Proc. Svemomivm ar  avdhla Paeeeddnd &men



LASER-RANGING AT THE SATELLITE ORSERVATION STATION IN
WETTZELL /BRD/

Peter Wilson, Hermann Sceqger, Klemens Nottarp

1. The current svystem

The unit currently operating in Wettzell /fig. 1/ was de-
veloped originally by the "Institut fiir Flugfiihrung" at
the "Deutsche Forschungs— und Versuchsanstalt fir Luft-
und Raumfahrt" in Braunschweig. It incorporates certain
components, such as the interface to the station timing
system and the device for switching between giant pulse

. and relaxed mode coperation, which were designed, built
and supplied by the IfAG. First trials of the system
occurred in the autuwnn of 1972 and first returns were
obtained in April 1973. Since September 1972 the equip-
ment has undergone major modification. The laser has been
~largely -recenstructed, -the power unit improved and new’
Galileian transmitting optics have been substituted for
the original Cassegrain system. Furthermore, the tele-
scope provided to perform the manual tracking has been
replaced by a more effective combination comprising a
larger field scan-telescope and a high~power small-field
tracking unit. The cooling-system of the laser has been

redesianed.

The main c¢haracteristics of the equipment as it is now

in use have been summarized in the following table:

Laser energy /maximal/ 7 J
Half-energy impulse width 30 nsec
Impulse power /maximal/ ; 240 MW
Repetition rate ;1~ 0,14 Hz
Natural divergence of hean 5 mrad
Effective divergence of beam . ... . . .. l.mrad -
Receiver objéétiQé"w ””'“w””"” ;Ll” 30

Tracking telescope field, resolution 3
Gating ) < 1 msec
PMT "Philips 56 TVP
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2. The System Lo be installed in 1976

Peuk Fower Outpul.

Energy Gutput

Output Stability:
Pulsewidih:

Repetition Rate:

Beam Oivergence:
{Full width containing
= 90% of the energy)

Spectrai Lingwidth:
Spectral Ling Stallity:
Spectral Ling Positien:

Physicat Characteristics:

Operational Parameters:

Equipment Operation Mode:

Environmental Canditinng:

Primary Power:

125 0 109 watts st sporeximately 0,53 pim or 3.0 x 168 saus at sppronimately 1084 pn

0.25 jaules par pulse at appreximatedy 053 um or 0.5 jouie per pulse a1
appraximateiy 1064 um

1hey
Less than 0.7 sanoseconds

Up to 3 pulses par second external or internat comumand, and at least 1 puiss per second by
manual controf

Not greater than 16 times the diffrzcton limit from the foal amplifier assembly,

Less than 0.2 A

Betier then §A

Hepeatable 1o betivr than 1A trom ene gperations cycis 10 another

The tollowing nomingt dimengiens apply:

1. Laser Transmitter — 1.23 ineters Ieg x 63 cn: wids ¥ 30 cm high

2. Power Supply — Seif-contained cabinet 1.6 mearers hogh « 60 e wide x B0 cm deep
3. Couling Syster — Cabinet mounted 1.5 meters high x 63 cm wide « 80 eim deep

1. Operational Cycte Time ~ No intiinsic #imit

2. Operational Life Time — Greater thae 2 x 108 fratses for ail components

Remote or local operation
2. Cooter focated up to 7.5 meters from faser snd puwer supply

Control Console — Cantrol console has six switchad functions including: powser on/oif,

start {standby) charge, aute/manuel fie contral manudt bire, and emergency stop. i
addition, provisians are mads for modedocked frequency sdjustment, high-voliage adjustisent
atsdd trigger voltage adjustment

4. Elfctromegnetic inferfsrence corti ol fetuirements, us par proeciphes outlined iy
1.4 Government Stasctards

Y, Operating: Alttude ~ 4 2 ki
Humidity — 0 43% relative
Tomparatute - 407 ta +1257F
2. Starage and Shipment: Altitude — -12.2 km
Hursidity - 354 relativee

Temperature — 307 1o + 150°F

Less than 8 kVa, 240/380V, 50 H,, 4 pole, §wire, wyi cannected

r

ded



SYSTEM/SUBSYSTEM SI’E('{IFIC ATTONS

The following is g summary of SLRS system and subsystem performance gpecifi-
cations, Ceneral specifications relate to system performance, operating enviromments,

and facility requirements, The other specificiations refer to specific subsystems,

General
Range Limit - 356 Km to 36, 000 Km
Range Accuracy ‘ - Better than 10 ¢m
. Range Resolution - Batiér than 2 em
Data Rate - 0.5 to 5.0 PPS
Operational Time - 24 hours per day cxcept during

inclement weather

Environment

Temperature ~ +187¢C to +23%¢ o
| Mount ~--IOOC to +50°C
Humidity - 0 to 499 I
Mount 0 to 1007

Altitude - 0 - 14,060 fi.
Operating staff - 2 operators
Input Power - Either 220V 60 iz

or 3¢, 16 kW Max.

380V 50 He

Absolute Pointing Ageuracy - +3 are seconds
Pointing and T'racking - Compuater Controlied
Site Facilities Required - Conerete pad for mount/laser support

- Pre-surveyed tervestrial targets for range
offset ealibration aud mount ievel )

correction,




Conileuration - Elevition over gzimuth

Transmitler System - Laser stationary - two axes Couds, dust-{ree
path of transmilter
C om0 . o -
Ranve of Teavel - F2707 io azimuthy #1040 about zenilh in
bl — —
elevation
Tracking - Continuous, under compute r control, from
= L s

elevation anples of 1o dewrees to within
2 degrees of zenith

Tracking Riates {n plane ~ From siderenl to 1" per second
of orbit
Orthogonality - #1 arc second
. Wohble -~ 1 are second
Argular Accuraey -~ Optical encoders with 1% Bit {2 microradians)

absolute acenracy snd 20 Lit (6 microradians)
resolution
Transmitiing Gptios

IS

e PP RIS i

Location o - Elovation Axis.

Type - Gulilean

Effective Beam Divergence - o0 microradiany to T milliradian vormed

Divergence Control - Motlor driven, computer cont roliea, to
correspond o desired divergence

Dinmeter of Exit Beam : - 160 mm

AMagnification - 10X

Alignment - Within 5 microradians of reference jine
of sight

Aligoment Stability -~ ’Less than 107 of diverpence

Optical Damage Criteris - 2 (i‘»,-"Jf/(.:m‘"'i mu Ht input

Optical Coating - L0% per surince maximum loss

Type - Casseprain

Diametor = 0.6 meter (24 inches)

Effective Foenl Length - 440 cm

Focus .o CFixed, temperstuic conipénsafed cver.

~4000 to +5400

o f%?r;;
8 L ]




o Umties {continied)

=in Protection Shutter - Mechnnical shutter protects PAVE photoeathode
when sun within 2 degrees of (uu ieal nses

Alipament - Within 15 microradian of transmitter line of
sight

. . 0 ,ws)&

spectiral Filter Bandpass = Available bandpiss between 104 and 257 )

tem perdature stabilized

Attenualion Control -~ Optieal attenustion of rdeeived ui“‘n-'zi; con-
tinnously varinble from 4 to 10 i, computer
controlled,

Tynpe - Nd CAG - Frequeney Doubled, sinele trans-
. versae inode
. Operation -~ Mode Locked/Cavity Trimped

Energy - 0, 25 Joule

Half-Encrgy- Pulse- Widih = 200 picosecond nominal

Pulse Repetition Rate - 0.5 to 5,0 PPs

Speetral OCutpat : : T 0. 532 umieter

Wavelength Stabilization - Not required

Dust and Humidily Protection - Closed compartimeont around laser pressurined
with filtered, debumidified air or inert TEER

Hecelving Flectronies
Dereetor

Type - Static Crossed Field Phatomultiidier

Quantum Efficiency - 10% @ 0,532 . metor

Rise Time - 140 picoseconin

Photosar{ace - b 24

Refrigewuion - Kol required

Range Gate - Compuler conbralled pate widlh und e
centering about refurn pulse

Start Pulse Defector - Common with receiver detoetor; fiher opties
pick off transmitted puises leadive odpe
threshobd déleetjon

Epoch Sipmad o = Colneident with staet signal

CThreshold Doeteetion

1(‘3&‘1“ miuv rirh g tmn thrt“‘}
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Gudunee and Hutn Processing

Time Interval Counter - 100 p=ce
Resolution

Fie Standard (Stafion Clocky - Rubidium {requency standard

Resolution - Timing - + 10 psee
et e . 10 . S .
Stability of Clock - LOx10 77/10 msee (5 MHz Ref. ¥ reguency)
bata Flow Rate - Max, - 9 measurements/second {(epoch, travel time,
range)
Information Storage Medium - Magnetie Tape ~ Pormanent Storage
2 2 i 1

- Magnetic Disc - Temporary Storage

b

Output \ -~ Alphanumeric ’I"érmimzl_
Computer Memory - 16 K words

Mangetic Tape Type - S-channel B standard

Paper Tape Reader - a-chanuel ~ for program loading
Programming Language - Fortran

System Control - Operator conirol three svaiem conirol unit
and alphancmeric ferminal . _

Computer [nterface - Throuzh computer interface unii and
alphanumeric terminal,

svatem Contrel Unit

The contrels, meters, and indicators of the system Control Unit are listed below,

Refor to Figure 10,

Lontrols (Manual or Computer Control Selectable from Front Punel)
Attenuation, Receiver Opticul INC/DEC INC/DEC
Filoetd-of- View INC/DEC IR/
Piverponee INC/DEC INC/DEC
sStart Threshold Level INC/DiC INC/DEC
Stop Threshold Level INC/DEC - INC/DEC

Time Slew (Acquisition) No  Yes
Open/Close Sun Shulter No Yes
Track Mode Controls No o Yes
Laser Made Controts 'No ' - Yes

N ded



sl Motors

Biverpence, mitliradians
Field-ol-View, millirudians
Altenuation, i
Traosmiticd Power, GW
Received Power, dn

start Threshold, mv

Stop Threshold, mv

indicuators

start Pufse Light

Stop Pulse Light

Palse Alarm Light

Sun Presence Light

High Buackeground Light
duystiek

S Manual Aeunt Position/Veleeity Control

Computer Interface Tnit (Refer to Figure 10j

- Handles all interfaces between systerm control, encoders, interval counter,
computer, peripherals, and time (fregueney) standard

- Controls data flow

- Displays encoder angles in binary

= Coutrois display of Alphanumcric Terminal (see Ficure 11).

software Contral

Initialization Mode
- Caleulation of Ephomeries
-~ Optical Conlrels

- Field of View

Divergence

Start/Stop Thresholds

¥

- Atlenuation Control

o daitial Mount Posilioning

4~5




Software Contrel (conlinucd)

Site Calibration - Leveling, Star Tracking

Injtinlization Displays

Execute Mode

Initiation of Tracking

Epoch Pointing

Epoch Data Collection

Epoch Data Recording

Non-Epoch Mount Control

General Laser Control and Firing
Dynamic CRT Di s‘play

Timing Control

Processing Mode

1

t

Tape Handling Routines
Data Location on Tapes
Data Analysis

Data Display

Pl aj—'back Alode

Mission Data Playback

Utility Programs

-

Encoder Test
Locop Checks

Optical Gain System Tests

Pseudo Pointing




Workshep on Lazser Tracking Instrumentotion,Prague,August 1875

THE FINNISH-SWEDISH LASER PROJECT

3. Johansson, M. Paunonen, A, Sharmn

The Finnish Geodetic Institute and Helsinki University of
Technology hnuve since 1971 collaborsted on the project Lo consi: ot
a sotellite laser rangefinder. In 1973 the Owedish Geographical
Survey Office Jjoined the project. The satellite laser is expected
to be operational in 197% end will be used alternately in Finland
and Sweden.

Design parameters of the systen are:
- Ruby laser,wavelength 694,3 nm
- Pulpe energy l...2 J
~ Pulse lengih 5 ns, nearly rectansular
- Pulse repetition rate at least 6 per minute
~ Transmitter beamwidth 0,5 ... 5 mrad
- Receiving telescope 0,6 n parabolic mirror, f.1l. 1,75 m
- Filter bandwidth 2 nm
~ Pointing accuracy 0,3 mrad
= OQutput data in digital form,displayved and recorded
The transmitier is based on a Pockels cell Q-switched ruby
laser configuration followed by pulse slicing and asmplifier stages.
The oscillator ruby is 100 x 10 mm, select quality, flat/flat cv*,
AR-conated and cooled by'deionized water. The helical flash lamp
is energised by a maximum of 5 kJ. The oscillator yields a 27 ns
pulse of at least 0,7 J when Q-switched and is expected to yield
0,2 J when clipped to 5 ns. Slicing circuit and amplifier are unier
construction.

The receiver consists of an astronomical telescope with a para-
boliec mirror and an RCA 31034 photomultiplier installed at the

iiladddal _
U ET R U PRI O RGP YT SR R iR T e e i i P AR R 3
The aptical input to the PMT is shuttered to improve average

anode current capability, as well as eliminate backscatter. The
shutter has a minimum opening delay of 1,% ma and openin rise tine



of less than 39 pF introduced by o BISPET amplifier and the DPLT
iteelf, and an introduced leskuage resistnnce of gbout 1 Malmm,

The omplifier thus behaves ss an intesrat- - and using a half-nny
time interval counter, centroid detection is ean rentinlly achieved,
This methed provides o larger sisnal voliage, and relative desisn
simplicity.

Timing is based on a llewlett-Puckn © guartz eloek syoten
synchronised to the Universal Time Scnle (UTC) using a LORAN phiase
locked freguency compsrison receiver. The pulse propazation time
will be measured using a Q0,1 ns decuracy counter (NANOFAST, Inc,
model 536 B),equipped with /2 half-max detection unit

Control logiec anid the data processing svstem has been canstruct
and tested. Pointing of the telencope is Ly means of twn steppar
motors. Calibration of the direction is by means of pointing the
te]eSCOpe towards a kn04n star and progromming the coordinates of

‘the star into the 1oyic. Steps of each motor are then counted and

thus, because of the equatorial mount, the actual direction is
always known, The motors are stopped, when this direction is equnl
to the required direction set sutomatically or by thumt wheels.

Alr temperature,aif pressure and relative humidity are measured sin
taneously with the fire pulse. The weather data, firing time, pulse
propagation time and direction coordinates are punched on a paper
tape for further treatment., The outgoing and return laser pulses
will be digitized by a Tektronix transient digitizer tyvpe 1 7“1c,
and the matrix information will be recorded »n a cassette recorqder
for further processing.

The satellite laser rangefinder described will be situated in
Finland at the Kirkkonummi Ubservatory of the Finnish Ueodetic
Institute. Tield test measurements will be initiated there next
Septenber.




Session 2: System Errors 12 August AM

Chairman : C.O.Alley

I.Introduction

The interest in laser ranging is based on the wide
bandwidth of laser amplifiers which allows a very short
pulse of ra&iatieﬂ whose round trip time to a target can
be measured with high precission and accuracy.Ancther *
product of quantum electronics research,the atomic clock,
provides a time base for world wide distribution of epoch
of sufficient accuracy(ius to 5 us)for the most demanding
geophvsical application-ranging to artificial earth satelii—
tes. In contrast, ranging to the moon requires less accurate
knowledge of epoch since the velocity of the moon is less.
However, the time base needed for the range time interval
meast:rowent needs a better fractional stability for moon
than f<i the artificial satellite,since the 2.5 sec range
time 1s much longer,For Loth, the stability of a good crystal
oscillator is sufficient, For 0,1 ns timing AL/EsAT/ T ~

4 x 1071 over 2.5 sec is needed for the moon .

A schematic diagram of a ranging system is shown below:

tl - time of emission av t tl t

time of

-ty - time of reception. . - . . CTZT rEfloction

((ti% L ' =Iél;L - ¢ 30 em/ns in free space



The basic problem is to derive as accurately as possible

the time of the laser pulses in the given time base

_—~degraded and sproad

by target and detector

A Al

L1 13
This requires a light detector with fast response and low
jitter,a method of deriving a time signal from some characte-
ristic ¢ the pulse-eq.leading edge amplitude discriminator,
Zere crossing discriminator,constant fraction discriminator
or centroid determination or swept tube.The difference betweaen
the derived signal for the times t1 and t3 must be related
to the time base by_a_counter,augumenteduin the most agcurate
systews by a vernier to go beyond the 1 ns limit of present
counter resolution,perhaps time to pulse height conversion
or a dual slope integrator.The entire system must be carefully
calii.-..ted and the célibration monitored for changes in delays
and wtherparameters with temperature and other environmental
conditions.

The velocity éf light in affected by the athmosphere,
but it seems likely that the delay can be determined to <1 cm
equivalent range by monitoring local barometric pPressure and

using an algorithm of Helen Hopfield.This needs to be verified

by two-~color range measurements which are different due to

with a streak tube.

The following table may be useful in summarizing system

errors. @



‘receliver allows 1 microsecond accuracy from the tra

speciiie (et 01

Ao Haltimode Lanors

Pearlman (540) discudsed timing probiams associated witn

mual timode losers.,  Phe radlation iz ecmitited into different an;

at differcnt times, See SAU report.

Hamsdern (Hull) pointed out ihe case of generating
Single mode radiation,

B, Atmosvoherie belay Corrections

Welffenbaeh (540) discussed the atm sbheric delay
correction of Hopfield using local barometric pressure,
It seems to work well but needs two-color verification,
rroblems are assoclated with winds and norizontal gradients
in weather condidions when laserp ranging stations do not
noermnally operate,

C '

+o Bistribution of Epoch

Horgan (Australia) discussed problems of epock
distribution. The Timation ITT satellite will allow _
distrivutiorn in the future to 20 ns, Now a $14,000°

satellites, LORAN-C is maintained to 7.5 microsecond
with respect to the U.5. Naval Observatory clocks,
VLF reception plus occasoinal elock trips will allow
epoch to be maintained to © microsecconds. The Omega
Sysiem is good to 5 microseconds,

b. Calibrutiomlgi sSystems

1. Peariman discussed the procedure of SA0. SO
SAO report,

<o Silverberg deseribed the procedure used for :
lunar ranging with short ( # m) path on ench zhot
with atienuation to give the same signal an
a lunar return. Statisties give the outsoln:s
pulse shape, The calibration iz extended to
lunar range times with a diode light pulger,

3. Veret (ONERA) discussed a method of rotating
the beam splitter 90 degrees 1o nllow calibration
of start and stop detectors with the samd
strength pulses, and without mgaguring.the-déqtancﬁ
Cto the target, oo T L TEE e bR

“. The calibration pricedure for the Goddard
Space Plight Centep stations can bo found in
the paper by MeGunigal, et, al,, in those

proceedings, (z’f”ﬁX
124
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Swanary of Scosion 4t Pulse Detection and Procesaling

Detectorn: An ideal detection system employing the qualie

ties of roog cfficiency, low timing jitter, high gain

and capoble of a kigh count rate is difficult to realige.
Some of the new photomul tinliers are good in rany categories
but fail in octhers. The RCA 31024, ror instance, hag
excellont cllicicney but reguires care in operation due 4o
stringent limitatinns on the averasz current. Crossed

field tubcs are available which have excellent timing
characteristics but are quite costly. Future work can

be expected in the areas of channel plate photomultipliers
and streak fube systens,

Pulse Procossineg: The length of hany current laser pulses

favors some degroe. of ulse processing over simple edee
. i - o 8 L

detection or constant Ifraction digcriminators. Pulss

44]

digitizing techniques useéd at SAQ and HASA have proved
quite successiul, Analog techniques have been modeled in
C35R to evaluate their usefulness., Processing techniques
to handie the wide dynamic range and variable shape of the
return pulse “ppear, at present,to be limited by wave
front distorticns fron the laser tr: smitter,

Liminz: A numbep o timing systems, both for satellite
and lunar work, are in operation or underp construction
employin~ the time-domain str aching technique., Single
and multiple step devices have bheen developed with

accuracy capability well below 1 nanosecond,
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Hajor Contributors to Sesgion 41

D, G, Curric

“Suchanovsici j

J. Gaignebet

M. Pearlman

M. Vrbova

Veret

”Biilifié'”'

Hirsl

o
i3
~expanding technigue

Deseription of the streak-camera Liming
system and description of a multistop
epoch timing systen

Discussion of the Soviet experience with
photomultiplier gquantum enhancement tech-
nigues

Degeription of the CHES svsten for reducing
the effects of sky background

Discussion of the U.S. experience with
pulse digitizing systems

Computer simulation of analog pulse cen-
troid correction procedures

Description of the channel piate photo-
muitiplier {ube

Discussion of the measurenents of laser
wvave front distortion

Interikosmos timin system using the time

«Bubmitted 13 Aug.
E, C, Silverberg
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SEOLTON 6, SATHLLITES 14 ORBIY - PREDICPIONS

F. Noug.l

Hatellites
Among the satellites in orbit or planned, we found:
= the old satellites
BEACON B and C; GEOS A and By DI C and Dy PLOLE
2 =~ the noew generation, for which sophisticated design
were made in order to
i/ yget better response from the satellite through
all the pass
i1/ minimize non gravitationnal forces acting on
the sat. and make them as constant as pugsible
D55 - STARLETTE - GEOS C - TIMATION IIT
5 - The "near future" satellites
LAGEOS - AUOS-Z - TIMATION IV
R1} Ut'h&é‘rs“ PR
=~ SHINY BALL with no Laser cornor cubes
- Laser Reflectors on the moon.
SOME CHARACTERISTICS - which were pointed out during
the session
GHOS ITT
Tracking down to 15° due to sloped mounting of the
reflectorg -
e = 0
1159
altitude 850 km

i

i

It has a C02 corner cube
STARLETTE
= purpose of gravity studies
= Very small Area/Mass ratio
- b0 corners cubes - AL least b Of Lhem are visible
-iﬂ~mﬁy~éunfiguratiﬂn”"”'“‘ =

< mroonns

e o ey 000k

e

g b Uade



- Altitude 5900 kn
= inclination 110°
T weight 400 kg
= sphere of 60 em diameter
= 440 corner cubes of 3.8 com aperture
one C02 corner cube

Launch planned for March 74 and magnitude will be 12.

AUOS5~7
Launch: end of 74
13 corners cubes.
They are »ut on a satellite which is part of the
Interkosmos pProject and the primary mission of which
is cosmic ray studies.,
altitude 500 km on a circular orbit

. inclination 839, .

.TIMATION I11
altitude 14000 km On a circular orbit
inclination 115°
Magnitude is going freom 11 to 14 depending on altitude.
GSFC had succeésful laser echos on it.

D5B Satellite equipped with a icro-accelerometer to
study atmosphere density
= 30°
Perigdéde 200 km
apogde 1100 km

LUNAR REFLECTORS
Appolo 11-14-15 caracteri:d by &
Lunarod was Mentioned.

SHINY BALL

i

50 kmz/strd.

It has no corner cube but expected returns of

5 photos us ing 1 g laser AT metor ta i@scope ‘
2

500 nautical miles,

/éZSFﬁ



IZ7. Predictions

1/ 8A0 made a report on how predictions are computed.

2/

They provide currently ephemeris on GEOS A - B - ¢ -
-~ BEC and STARLETTE,

It was interesting to hear that for STARLETTE,
predictions over a pericd of one or even two months
could be possible. This suggests that the earth
model is known encough, but non gravitational forces
limited computations so far. The same remark applies
to the Drag free satellite TRIAD,

Lunar predictions are sent to the station on a

daily basis on a polynomial form. JPL can pro-

vide them,




FUTURE SYSTIMS

bDouglas Currie

During this session we wish to consider an overall view
of the future possibilities of the tracking of satellites
by lasers. We now' wish to gather data to determine the
future capabilities and to evaluate questions of future.
Thus we wish to provide a framework to permit a detailed
coﬁparative discussion.
bDetailed discussion and value judgements should be reserved
for the programmatic and the open discussion period. This
later discussion may then provide data for future planning
of the various groups. A large amount of the information
on future systems has already been discussed.
Four areas which we shall consider are:
I FUTURE TECHNIQUES
II  FUTURE STATIONS -
III. SATELLiTES; CURRENT AND FUTURE
v NETWORKS, CURRENT AND FUTURE

I. FUTURE TECHNIQUES

In this section we shall receive those technical areas

which shall be of critical importance over the next few
years. We hope to concentrate on the parameters and
techniques which are most important in meeting the basic
program goals and leave for another time those technigues
which are important in order to reduce cost, increase
convenience, or increase reliability.
A. RANGE ACCURACY

There are several sub~systems which are most

critical in order te improve range accuracy.

These are: o

l. The Laser System
- To improve the lager performance as re=-
lated to in the range accu
mportant paiRtE Arer
B ST (e S R= e sty T B o o
b. Improvement in centroid determination
"of long pulses
[31)




c. Develop methods to obtain short
pulses from the laser system by:
i. active mode locking
1i. pulse slicing or chopping
iii. passive mode locking
« 2. The Photodetection System
The various procedure to improve the
detection timing are:
a. Photomultipliers
i. conventicnal multipliers may
be used in a better fashion
- to obtain their full capability
i of a rum.s., jitter of 0.1 to
0.25 naﬁoseconds.
iil. Channeltrons and channel plate
tubes appear to have a perfsrm
‘mance which may be better than
the conventional photomultiplier,
b. Crossed~field photomultiplier
These devices, when combined with
a wideband width, low-noise pre=
amplifier may yield time resolution
at the 0.1 nanosecond level.
C. Streak tube
These detectors, which are currently
used in laser fusion work, will glve
@ time resolution, for single photo
electrons or for a many photoelectron
pulse of 0.001 to 0.0l nanosecond.
This accuracy seems of interest only
for two color systems which reqguire

4 range accuracy better than two

~centimeters,

an r.m.s. width of 0.04 nanosecond has
already been described in the literature
and has been used in field operations so

(53)



will not be considered further.
4. Epocch Determination
Equipment /1/ necessary to perform this
function is available and has been
described in the literature.
B. IMPROVED DETECTION THRESHOLD
1. Laser system
Improvements in the laser system will bhe of
interest in the area of:
a. higher average power
b. continucus-wave laser systems
2. Receiver Apertures
In additionto normal receiving apertures, there
are several new techniques which may provide
significantly larger receiving apertures.
a. Multi-aperture receivers
These are current&y being built in France
and USA
b. Large metal mirrors
These are currently being built in Japan.
3. Reduced Beam Divergence
a. Orbit predetection
Better orbit predetections are reguired
but seems to be available
b. Tracking
i. fmproved mounts
ii. auto tracking techniques on sunlit
satellite or on laser returns
iii. absolute providing capability at
the arc second level,

IT. FUTURE STATIONS

Discussion of new stations by varlous workers has been
oo given. The details of theése. discussions- appaar in other’
.Sections of thls W rkshe




B. Orrora Valley Station /Australia/
by Peter Morgan

C. Dodaria Station /Japan/
by T. Atsushi

D. Crimea Station /USSR/
by A.M. Suchanovskij

E. Greenbelt Station /USA/
by C.0.Alley

F., Netherlands Station
by -F.W. Zeeman

G. Cagliari Station /Italy/
by L. Cugusi

H, LURE Mobile Station /USA/ s
by E.C. Silverberg

I. French Station
by Claude Veret

Jv German Station o

by Peter Wilson

IIT. SATELLI?ES CURRENT AND FUTURE

Some of the current and future satellites are discussed.
The parameters define the problems with satellites on which
staticns are expected to range in the near future.

The relative return is the relative signal level when

the laser energy and beam divergence of the stations are
held fixed,

IV. NETWORKS, CURRENT AND FUTURE

In this section, we consider the networks of laser

trackine stations.

In total, there are now 1l orbital satellite tracking
stations which enter data in the SAO prediction program,

- Inteércosmos stations and the Lunar stations, thare are

g the




Satellite

Relative Visual

Name Return Magnitude
High Return

BE~B 2.9 Bright

BE~C 4.6 Bright

GEOS ~ A,C 4.0 Bright

GEOS B 18.0 Bright

AUOS-Z 1300.0 Bright
Medium Return

STARLETTE 800x10™° 11

LAGEOS 9%x10"3 12

TIMATION 3x1073 11-14
Low Return o

A ll 2. 4x1078 -~

A 14 2. 43108 -

A 15 5x10°° -

L1 6x1078 -

L 2 6x10"8 -

SHINY BALL 100x10™8 -

Tracking Orbit

Rate

Fast
Fast
Past
Fast

Fast

Fast
Medium

Medium

Slow
Slow
Slow
Slow

Slow

Fast

Stability

Fair
Fair
Fair
Fair

Fair

Fair
Good

Good

Excellent
BExcellent
Excellent
Excellent
Excellent

Falr
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